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Abstract
Adhesives are being used for the joining of both semi-structural and structural

components at an ever increasing rate. This increase in use is related directly to th
acknowledgment of the many advantages adhesives have over more conventional

methods of bonding. There are though, a number of industries that are sceptical of th
long term performance of adhesives and hence their use has been kept to a minimum.
One of these industries is the aluminium shipbuilding industry where long term

durability is very important. jAluminium vessels are exposed to continual cyclic stre

and the harsh environment of both the sun and saltwater. This project has brought abo
the development of a testing facility, which allows the simultaneous fatigue testing

hostile environment exposure of adhesively bonded joints. Studies have also been aime
at developing pretreatment systems, which assist in providing satisfactory fatigue
performance.
Lap shear tests were used initially to determine the effect of the various

pretreatment/adhesive combinations and the effect of a hostile sodium chloride soluti

on joint strengths. Those combinations that proved to be effective in increasing join
strength or exhibited unexpected results where then tested using the fatigue rig. A
number of these combinations where then fatigue tested while under the simultaneous
effect of a salt spray environment. Once failure had occurred, extensive surface
characterisation utilising techniques such as Atomic Force Microscopy, Optical
Microscopy, X-Ray Photoelectron Microscopy and Transmission Electron Microscopy
where investigated to determine the mechanism of joint failure. The various studies
showed that both the joint strength and the durability of the joint under a hostile
environment could be increased by several orders of magnitude with correct selection
both adhesive and pretreatment.

VI

The use of the Width Tapered Cantilever Beam type fracture mechanics specimen was

also investigated in conjunction with an analytical model to determine if the two co
be used to predict the fatigue strength of adhesively bonded joints both under an

ambient, and a hostile salt spray environment. Good correlation was found between th
experimentally determined results and those obtained using the analytical model,
indicating that this method may have potential in determining results rapidly which

under normal experimental conditions may fiake from several months to years to obtai
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1.0 INTRODUCTION
Adhesives are used in a large number of industries, including the building, aircraft,

automobile and agricultural industries and have applications in many other areas such
as packaging. Throughout the 20th century the use of adhesives has continued to
escalate at a rapid rate but adhesives are still under-utilised in certain areas and
are many more applications to which adhesive bonding could be applied.
Adhesives offer many advantages over more conventional methods of joining such as

bolting, riveting, brazing and welding. Advantages from the use of adhesives include:- ease of application
- ability to join dissimilar materials
- more even stress distribution
- reductions in production costs and hence an increase in profit.
- absence of thermal distortion, and
- an aesthetically pleasing finish.

But even with a list as large as this there is still a reluctance to accept and adopt
adhesives in many applications. The main factor that is governing this reluctance, is

lack of long term durability data for specific service environments. This lack of data
especially a problem with the fatigue performance of adhesively bonded metallic
products, which essentially stems from the limited research in this particular area.
One industry, which at present uses almost no adhesive bonding for structural

purposes, is the ship building industry. Currently the use of aluminium as a structura

material in the ship building industry is increasing due to its high strength to weig
ratio and its corrosion resistance in a marine environment. Adhesive bonding is of
interest to ship builders as it does away with problems such as toxic fumes and
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distortion that are associated with welding. It also provides a means of attaching '
thought' fixtures without damage to the paint finish, as well as having the ability
reduce weight and provide an aesthetically pleasing finish. This presents a problem

though, as there is little data available on the fatigue performance of adhesively b
aluminium, and an even lesser amount on the effects of a marine environment on bond

durability. It would therefore be of great benefit to the industry if work were carr

in this area so that adhesive bonding may become as common in ship building as it is
the aircraft industry. If adhesives could become accepted as a more common means of

joining material in the ship building industry production costs could be cut signifi
hence increasing profit and enhancing the viability of the aluminium ship-building
industry.
There are many factors that need to be considered in such an investigation. These

include adhesive selection, adherend pretreatment, severity of the environment, natu

of the applied stress (including frequency and amplitude of cyclically varying stres
and effect of environment on substrate, adhesive and their interface. There is also
need to carry out the tests under conditions as close to the operational conditions
possible to allow the prediction of the performance to be most feasible. There have
been a small number of investigators M who have carried out fatigue testing of

adhesively bonded aluminium after exposure to different environmental conditions but

there appears to be no evidence of simultaneous fatigue testing and exposure to a sa
spray environment, which would possibly reveal more accurate and practical results.

This thesis will deal with many of these problems, by looking at the effect of vario
methods of pretreatment, the use of different adhesives and different loads on the
fatigue performance of adhesively bonded aluminium in a marine environment. This

information may then be used to aid in the assembly of a database, which may be of u
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to industry and aid in the acceptance of adhesive bonding in the ship building indu
Furthermore the data collected will provide an insight into the mechanism of bond

degradation under the combined effects of fatigue loads and a marine environment, a
so provide the fundamental information necessary to develop adhesive joints of
improved fatigue durability.
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2.0 LITERATURE SURVEY

To date there has been a great deal of work carried out on the adhesion of aluminium

to itself and to many other materials. Minford5 gives a good overview of this resear
The work carried out has dealt with many of the aspects involved in the adhesive

bonding of aluminium, including adhesive type, alloy selection and pretreatment. Due

to the volume of available literature in the area of aluminium bonding, this chapter

deals primarily with those factors that are of significant importance to the alumini
ship building industry.

2.1 Adhesive bonding of Aluminium (General Overview)

The invention of the aeroplane in the early 1900's resulted in the need to find a st

lightweight material from which aircraft could be manufactured. The lightweight, hig
strength to weight ratio, good resistance to corrosion and attractive appearance of
aluminium meant it became an obvious choice. The use of adhesives to join aluminium

in aircraft structures has without a doubt been an accelerator for the technology of
adhesive bonding.
Anthony Folker first employed an all glued aluminium aircraft wing structure in

Germany in the 1930's and since then the use of adhesives for structural application
has become common practice in the manufacture of aircraft.

It has been the manufacture of military aircraft, where cost is not a governing fact
which has resulted in the greatest amount of research into the use of adhesives for
bonding aluminium. Many of the modern military aircraft have structures, which are
almost entirely adhesively bonded.

Another factor, which greatly helped in the growth of adhesives, for joining purpose
was the development of synthetic polymers. Almost all adhesives employed in
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technically demanding applications are based upon synthetic polymers, and such
polymers have only been available for about the last fifty years.3
The strength and durability of adhesively bonded aluminium is governed by two
mechanisms 6 these are (I) mechanical interlocking of the adhesive into the
macroscopically or microscopically rough surface oxide, and (II) different forms of
chemical bonding between the aluminium oxide and the adhesive.
Mechanical interlocking (DuPont's Velcro is an example) is dependent on the
roughness of the adherend surface,7'8 resulting in an increased surface area, and

providing sites for the adhesive to interlock into the surface of the adherend henc

providing better anchorage for the adhesive. Roughening of the surface by mechanical

abrasion, etching and/or anodising is a well established technique for increasing th
strength of adhesively bonded structures.9"12
Chemical bonding is adhesion resulting from the molecular contact between the
adhesive and the substrate. The bonding can either be primary (covalent, ionic) or
secondary (dipolar, acid-base, Van der Waals). For these forces to be effective the

adhesive must be in good contact with the adherend. Oils, grease, dirt and loose oxi

layers prevent this close contact from occurring and as a result reduce the overall
strength of the bond.

The importance and contribution of these two factors will be inherently dependent o
the specific morphology and chemistry of the aluminium adherend surface that is
present at the time when the adhesive is applied, and the rheology and chemistry of

particular adhesive used. The strength of the joint that is achieved when tested wil
depend on a number of variables the most important of these are the joint geometry,

interfacial work of adhesion and mechanical properties (toughness, yield and modulus

of the adhesive and adherend. Once bonded the strength retention or durability of th
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bond formed will be very dependent on the weathering conditions to which the joint
exposed and the level of loading to which it is subjected.
A typical adhesively bonded aluminium joint will retain a large percentage of its

initial strength when exposed to normal laboratory conditions but once exposed to a
humid or aqueous environment its strength declines at a rapid rate. Kinloch13 has

proposed that there may be up to three mechanisms responsible for the environmental

degradation of an aluminium/adhesive joint. One mechanism considers that the locus o

environmental attack is at the adhesive/metal oxide interface, where ingressing wat

displaces the adhesive from the oxide surface. Oxides having different chemical and

physical structures give interfaces possessing very different susceptibilities to t

of attack. A second mechanism suggests that the oxide layer becomes hydrated by the
ingressing moisture and that the hydrated oxide is mechanically weak and fractures
prematurely; different oxides generated by different surface pretreatments possess

different resistances to hydration. The third mechanism occurs when the adhesive la
adjacent to the metal oxide is hydrolysed by the water. The type of oxide present
inherently affects the initial chemical structure of this layer and its hydrolytic
The surface of aluminium can have a number of different oxides present on it,

depending on the conditioning that it has received. Table 2.1 shows the different o
that may be present on the surface, together with the nomenclature as published by
and Wefers14, that is used to describe each of them in a more defined manner.

The bayerite oxide is the form commonly found on the surface of aluminium which has

been exposed to an ambient moist atmosphere, hence it is not unexpected that this m
be the form which appears on surfaces after they have been exposed to natural
weathering conditions.
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Table 2.1 - Comparison of Aluminium Oxide Nomenclatures 5
Mineral N a m e

Chemical composition

Alcoa

Gibbsite

Aluminium trihydroxide

Alpha alumina trihydrate

Bayerite

Aluimnium trihydroxide

Beta alumina trihydrate

Nordstrandite

Aluminium trihydroxide

Boehmite

Aluminium oxide hydroxide Alpha alumina monohydrate

Pseudorx>ehmite

jMuminium hydroxide

Diaspore

Aluminium oxide hydroxide Beta alumina monohydrate

Corundum

Aluminium oxide

Alpha alumina

W h e n this form of hydroxide is exposed to water at elevated temperatures though, it is
transformed to boehmite. There are many arguments over what temperature is required
to enable this transformation to take place. Harrington15 reported that exposure of
aluminium to water at temperatures above 80°C was required for the transformation
where as Murphy 1 6 has argued that water temperatures as low as 70°C will enable the
transformation.
It is also possible to form boehmite on the surface of aluminium at temperatures
lower than those generally reported. W h e n placed in an acidic environment, such as the
FPL

etchant (developed by the Forest Products Laboratory and based on

dichromate/sulfuric acid138) at temperatures above 25 °C, the pre-existing bayerite
(trihydroxide) is dissolved and a n e w oxide (boehmite) forms on the surface in a
controlled manner. Figure 2.1 schematically illustrates the surface that occurs with the
boehmite hydroxide and 'cornflake' structure that results from the bayerite trihydroxide.
A detailed study into the effects of these etchants on surface morphology is given in
Section 2.2.3
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a)

b)

Figure 2.1 - Isometric drawings of the a) oxide structure typical of boehmite and b) the
characteristic cornflake structure of the bayerite hydroxide.

Many authors have reported techniques that produce aluminium oxide surfaces of
known structure, and techniques that produce high strength, durable bonds. In some

instances the surfaces can even be modified to suit a specific adhesive. Critchlow an
1 o

Brewis provide an excellent review of the m a n y methods used to modify the surface
of aluminium to promote stronger and more durable bonds. A number of these
modification techniques will be dealt with in more detail in the following section.

2.2 Methods of Pretreatinent

The surface treatment of aluminium can be considered as one of the most vital factors
in determining the strength and durability of a bond. There are a large number of
surface preparation methods which can be carried out but the desired effect of any

surface cleaning and/or oxide regeneration procedure is to provide a dry, stable, fir
and chemically wettable surface with known and reproducible characteristics.
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The degree of pretreatment applied is very dependent on the strength required and

severity of the environment to be encountered during the lifetime of the bond. The
pretreatment of aluminium may be divided into four categories of increasing
effectiveness as listed below.
1. Removal of soil contaminants
2. Removal of soil contaminants/abrade/re-clean
3. Step 2 plus the addition of a chemical and/or laser process designed to
produce a more stable oxide.
4. Step 3 plus the application of a primer designed to be chemically reactive
with both the adhesive and the oxide surface of the aluminium.
The importance of pretreatment has been discussed by a number of authors such as
Brockmann19, Mackay6 and Wegman17.
There are many means by which the effectiveness of surface pretreatments can be
established. Techniques such as contact angle goniometry, X-Ray Photoelectron
Spectroscopy (XPS), Atomic Force Microscopy (AFM), Transmission Electron
Microscopy (TEM), Scanning Electron Microscopy (SEM) X-Ray Diffraction (XRD)
and Secondary Ion Mass Spectroscopy (SIMS) may all be used determine the type of

oxide formed both chemically and mechanically. A number of these techniques will b
discussed in subsequent sections of this report.

2.2.1. Degreasing Pretreatments
When aluminium is in the 'as received' condition the surface is likely to be

contaminated with some kind of oil which was used in the forming or processing sta
The surface may also have some form of 'flaky' oxide layer present as a result of
heat treatment stage through which the aluminium has undergone. There is also the
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possibility that during the forming operations some of the roll or die material may h
contaminated the aluminium as a result of the high pressures used in the forming,
finishing operations.
Solvent wiping is the most widely employed method of pretreatment carried out due

to the ease with which it is performed. It is designed to remove particulate soiling a

present on the 'as received' aluminium. Solvent wiping is also the most cost efficient
method of pretreating even though it is quite labour intensive. The labour intensive
nature of solvent wiping brings about a problem that must be carefully monitored
This is the chance that the process may become a 'going through the motions' process.

If this occurs contamination may be allowed to build up on the applicator and hence t
process becomes more of a contaminating operation than a cleaning operation. Minford

reports that solvent wiping rarely removes all of the surface contamination. One quali
control measure, which may be carried out when using solvent wiping as a method of
degreasing, is visual inspection of the surface. If the wiped surface appears to have

hazy residues in the direction of wiping, then this is a sure sign that the surface is
contaminated to some degree. One method, which may be used to overcome this

minimised contamination, is by correct adhesive selection. If a heat-curing adhesive i
used, then the high temperatures required for cure may allow the absorption and

dispersion of the contaminants. If an acrylic adhesive is used, the acrylic acid prese

capable of dissolving mineral oils such as those remaining after finishing operations.

In those situations in which the surface is heavily contaminated solvent wiping shoul

be substituted for vapour degreasing. This process involves suspending the material to

be cleaned in an enclosed chamber fitted with a vapour lock and partially filled with

solvent such as trichloroethylene or methyl ethyl ketone (MEK) as illustrated in Figu

2.2. The chamber is then heated to slightly above the vapour temperature of the solven
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the solvent then condenses on the material and cleans the surface as it drips off the

surface and is recycled back into the bulk of the solvent. Two particular
when using vapour degreasing, these are; the size of samples that can be

economically, and the problem of solvent contamination that is directly p

the condition of the material treated and the amount of material treated.

degreasing has the advantage over solvent wiping of the higher reactivity
vapour and hence a better ability to clean the surface.

There have been a number of other degreasing techniques used in manufactu

which are more sophisticated and expensive but do show superior results t

wiping and vapour degreasing. A procedure described as electrolytic degre

proposed by Linford , and ultrasonic cleaning and pickling have also been
success21.
]

• Condensing
Water O U T

<

Condensing
Water IN
Samples

Degreasing
Solution

Heater

Figure 2.2 - Vapour degreasing apparatus
3 0009 03295331 2
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2.2.2 Degrease/abrade/re-clean
O n e would assume that abrading the 'as received' surface of aluminium prior to
bonding would have the effect of increasing the surface area and removing loose
oxides. This would therefore allow the adhesive to mechanically interlock with the
newly formed oxide on the substrate, and hence produce a stronger more durable bond
than produced by simple degreasing techniques.
Generally this is the case, as illustrated in Table 2.2 where Minford reports better
strength retention after 8 years industrial exposure for joints m a d e from abraded
aluminium compared with vapour degreased material. There have also been some
reports to the contrary, such as those illustrated in Table 2.3, indicating that under some
environmental conditions, such as cyclic exposure to a hot water soak\freeze\hot air dry
cycle, greater bond durability m a y be achieved by vapour degreasing alone.
The explanation for these unusual results is not clear and hence it can only be assumed
that the macroscopic roughness produced by the belt sanding and the resultant interface
formed with the nitrile modified epoxy adhesive was more susceptible to the alternating
stresses of the wet/freeze/thaw cycling.

Table 2.2- 6061-T6 aluminium bonded joints exposed to 8 years industrial atmosphere
with various surface pretreatments.
Joint Strength after exposure ( M P a )

Avg. %

Surface

Adhesive

Pretreatment

Type

lyr

2yr

4yr

8yr

Retension

Vapour Degrease

A

12.20

10.54

9.09

6.25

43

Vapour Degrease

B

22.05

21.36

19.29

3.10

10

Silica Gritblast

A

13.78

14.26

13.99

13.99

100

Belt Sanded

B

29.63

28.46

25.98

23.43

70

A = T w o part polyamide-cured epoxy, B = O n e part nitrile modified epoxy
Data from Minford
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Table 2.3 - 6061-T6 aluminium bonded joints exposed to hot water\soak\freeze\hot-air
dry cyclic exposure with various surface pretreatments.
Surface

Adhesive

Pretreatment

Type

3 mo

6mo

12mo

24mo

Retension

Vapour Degrease

A

0.83

0

0

0

0

Vapour Degrease

B

13.09

11.51

7.30

3.45

12

Silica Gritblast

A

8.82

8.75

6.44

0

Belt Sanded

B

12.4

11.23

9.65

0

pPpjpp
0

Joint Strength after exposure (MPa)

Avg. %

A = T w o part polyamide-cured epoxy, B = O n e part nitrile modified epoxy
Data from Minford

The use of grit particle paper for abrasion either manually or mechanically is one
method by which the surface of the aluminium can be abraded and roughened.
Although this technique is simple and a quite cost-effective method, it does suffer
a number of drawbacks. The main drawback is the possibility of contamination of the
surface to a greater degree than that present prior to treatment if small inorganic

particulates from the abrasive paper are dislodged and left on, or even embedded int

the surface of the aluminium. It is therefore recommended that a strong flushing act

with some type of solvent be carried out in order to loosen and remove as much of th
organic soiling as possible prior to abrading.
Another drawback which abrasive paper roughening suffers is a lack of

reproductibility, which is associated with the fact that no two operators have the e
same technique. As with the applicator in solvent wiping the grit particle paper is

subject to contaminant pick-up with time and hence the condition of the abrasive mus
be monitored carefully.
Wire brush abrading is a similar technique to grit paper abrading, the only basic
difference being the abrading media used, it is therefore not surprising that the
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advantages and disadvantages of each process are similar. The speed at which
contamination builds up on a brush has been found by Minford5 to be proportional to

the density of the bristles, and as with the abrasive paper technique reproductibilit
problem due to differing operator techniques. Another concern of importance when
abrading aluminium using the wire brush technique is to prohibit the use of any wire

whose entrapped residues may later produce surface corrosion in the presence of water
or a high humidity environment.
Shotblasting or Gritblasting is another widely used technique for roughening the

surface of aluminium prior to bonding. As is the case with wire brush abrading specia

care must be taken to select a media which has an electrochemical potential similar t
that of the aluminium. If the difference is too great, as is the case with steel and
the media becomes embedded in the aluminium, then the particulate acts as a strong
cathode and the aluminium surrounding the site becomes a sacrificial anode.
Inorganic media such as silica are the usual choice for shotblasting/gritblasting as
there is no electrochemical effects with the aluminium. In fact it has been observed
some cases, (Table 2.2) where the silica provides a thin corrosion resistant barrier
the aluminium resulting in exceptional joint durability.
Pretreatment has also been carried out using abrasive products developed by 3M such
as the Scotchbrite™ range of products, the effectiveness of which has been compared
with that of FPL deoxidized surfaces by Pocius and Claus23. They have obtained data

demonstrating that the three dimensional conditioning which is achieved by use of the

Scotchbrite could effectively replace the use of the FPL etch used prior to phosphori
Acid Anodizing (PAA) for the bonding of aircraft structures.
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2.2.3 Degreasing and Chemical Deoxidation.

The surface of aluminium is covered with a natural oxide layer, which develops due

to the high affinity of aluminium for oxygen. This oxide layer protects the alumim

from corrosion. It is the stability, which in turn is dependent on the chemical st
of this oxide film that determines the durability of the resultant joint.
ASTM Standard D 2651 - 90138 Section 7 'Standard Guide for Preparation of Metal
Surfaces for Adhesive Bonding' provides six methods by which the surface of

aluminium may be pretreated to provide a stronger and more durable bond. Of the si
methods described four involve the use of some kind of chemical deoxidising

procedure. Each is described in the following sections along with experimental res
illustrating their effectiveness (where available).

2.2.3.1 Commercial Deoxidation

The simplest type of chemical pretreatment that has been used effectively to produ

a stable oxide film on aluminium has been a variety of mixtures of phosphoric acid

butyl alcohol. Amchem have marketed these mixtures under the tradename Deoxidine7".

Treatment usually involves vapour degreasing followed by immersion of the aluminiu

into a room temperature bath containing a 25% concentration of Deoxidine™ for 15 -

minutes at room temperature. This method of pretreatment is quite economical as it

does away with the need for expensive temperature controlled baths as are required
FPL deoxidation, which will be discussed shortly. A treatment time as little as 5

minutes may be sufficient to provide a surface that will result in a strong and du

bond. The treatment time though, is greatly dependent on the thickness of the soil

present. If the soiling is thick then it is possible to raise the temperature of t
hence increasing the chemical etching rate and reducing etching time. This method
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been shown to be effective on 6061-T6 aluminium despite the thickness of the heat

treatment oxide present24,25. Once etching is complete a thorough rinse is required in
deionised water to remove all traces of acid from the surface of the aluminium.
Another example of a commonly used proprietary room temperature deoxidizing

solution, is Alum-Surf-Prep"', as supplied by Arcal Chemicals. Minford26 reports tria
the etchant considerably on 6061-T6 adherends. Results indicated it to be just as
effective after exposure to a hot humid condensing environment as the Alcoa A3 FPL
treatment, after only 30 seconds immersion in a 25% aqueous solution or a 1 minute
immersion in a 10% solution.

2.2.3.2 Alkaline Etching
Another commercial method for removing soiling from the surface of aluminium has

been the use of 'so-called' non-etching type cleaners, as discussed by Eyles27. Altho

this procedure works well with mildly soiled surfaces it is not aggressive enough to

remove ingrained soiling. This includes soils caused by mild water staining or induc

by the more aggressive nature of high humidity environments or the pitting corrosion

resulting from saltwater immersion. These firmly adhering soils, if left, on the sur

of the alumimum will be likely to constitute a weak boundary layer once the joint is

exposed to long term weathering. The most typical way of removing these contaminants

is by first, either vapour degreasing or solvent wiping the surface, and then cleani
hot inhibited (controlled-etching) alkaline cleaner such as a solution of sodium
hydroxide (Alcoa Al process). Often this process is then followed by a deoxidation

process such as a chromic acid etch. Inhibitors such as chromates or silicates are a
to the bath as a means of controlling the relative aggressiveness of the solution .

durability of alkaline pretreated joints exposed to water soaking environments has i
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but a few cases29 been shown to significantly improve the durability of bonded
aluminium joints30, although the underlying reason behind the improvements has not

been determined. It is anticipated that the improvement may be attributed some what
the more stable oxide produced by the processing at an elevated temperature.

2.2.3.3 Chromic/Sulphuric Acid and FPL Deoxidisers
The most commonly used pretreatment in the United States prior to the development

of PAA anodizing was exposure of the aluminium to bath of a specific concentration
sulfuric acid and sodium dichromate at a particular temperature and time. The

pretreatment was developed at the Forest Products Laboratory in the late 1940's an
was hence defined as the FPL - type treatment. It retained this name until some

additional changes to the procedure occurred and since that time it has been refer
as the modified or 'Optimised FPL'.
A number of alumimum producers at the time were looking at a range of possible

deoxidizers as some form of treatment prior to processes such as anodising, painti

and conversion coatings. As a result, a similar pretreatment was developed by Alcoa

the 1950's and was designated Alcoa A3 and consisted of a chromic acid/ sulfuric a

mix, in which the alumimum was immersed at some predesignated temperature for a se
period of time.
The Alcoa A3 required a slightly higher bath temperature but a shorter immersion

time than the FPL treatment. Minford31 was the first to carry out long term durabil

studies of the Alcoa A3 treated bonds using 6061-T6 and found the performance equa
acceptable to that of the FPL-designated treatment.
Many investigators32"34 have indicated that the preferred oxide present on alumimum

for maximum bond strength and durability is the boehmite form. In contrast, the oxi
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that forms naturally on aluminium surfaces in a moist environment is referred to as
bayerite form. It has been reported that bayerite is much less stable when water
penetrates into the bond line and it is rapidly converted back to the trihydroxide,
bonds very weakly to the underlying aluminium. From studies carried out using high

resolution XPS and surface behaviour diagrams (SBS's), Davis et al.35 believed that th

oxide formed by both the Alcoa A3 and the FPL pretreatments is of the boehmite form.
While the oxide layer formed by these two pretreatments appears to offer good
resistance to a water soaking environment, there appears to be quite a good deal of
sensitivity to the aggressive nature of a seacoast environment. McMillan36 has

demonstrated that even with a corrosion inhibiting primer present the joint performa
is still lacking when exposed to a marine environment.
The surface which is produced by the FPL pretreatment was investigated by Bijlmer37
and Bijlmer and Schliekelmann38 using electron microscopy in an effort to determine
why the method produced bonds with such good adhesion and joint durability. These

workers determined that the etchant produced a surface with both good stability unde
moist conditions and one that also contained micro pores or pits (Figure 2.3) which

where obviously capable of providing a site for very good mechanical interlocking an
hence resulting in a high initial joint strength. Often the morphology is described
oxide whisker morphology.

Weltman studied the effect of approximately 60 variations and chemical substitutions
to the FPL composition. He found that no significant improvements could be made to

the original FPL composition, although he noted that chromium ions on the surface of

the treated samples resulted in joints with the highest peel strengths. Treatment of

surface with sodium hydroxide prior to FPL treatment was also investigated without a
significant increase to bond strength39.
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Figure 2.3 - Surface containing micro pores and pits provided by F P L treatment
obtained using an Scanning Electron Microscope at a magnification of 5000X. 122

Lee40 and Zisman41 carried out a number of studies to determine the effectiveness of
grit blasting pretreatments as opposed to FPL treatment and found that the FPL
treatment was superior to grit blasting in all weathering and water soaking

environments. The exception to this was mentioned previously when silica was used as
the grit in the pretreatment operation.

Ross et al.42,43 have investigated the effect of aging prior to bonding on the durabil
produced by vapour degreasing, sandblasting and FPL deoxidizing on .Alclad 2024-T3.
It was determined that regardless of the exposure time, the FPL surfaces gave the

greatest durability results. Smith44 also made a similar study on FPL deoxidized join
alone, and noted that after only minutes of exposure to the atmosphere the FPL

produced surface begins to chemisorb contaminants from the atmosphere which leads to
bonds with poor durability.

An investigation was also made to determine the effectiveness of the pretreatments o
a number of different grades of alumimum, namely 5052-H34 and 6061-T6. It was

clearly observed that a greater improvement was made to the 6061-T6 alloy, this bein
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attributed to the effect of deoxidizing on the heavy heat treatment oxide present on

surface of this particular alloy compared to that of the lesser alloyed and non heat
treated 5052-H34.
Brockmann45 has carried out a study on the effect of a chemical pretreatment
following FPL treatment designed to form covalent complexes between the adherend

and adhesive. His studies determined that a further improvement to the durability co
be obtained by this procedure.
Over time there have been a number of modifications to the FPL pretreatment
procedure as improvement has been sought as deficiencies in joint durability are

discovered. Clearfield et al.46 has compiled a table, (Table 2.4) which illustrates t

different bath compositions and treatment variables for a number of FPL solutions an
the Alcoa A3 treatment. The main improvement to the process came with the addition
of some aluminium and/or copper ions to the new bath. It had been recognised that
superior results were obtained from "used" solutions rather than those of the new
solution. As a result it was determined that the addition of some bare 2024-T3

alumimum filings to the bath resulted in joints with significantly better durability
Smith47 also demonstrated that the addition of copper ions to the etchant bath also

the effect of increasing durability, thought to be due to the generation of cupric i
the etchant. The reaction which occurs during the FPL deoxidation process proceeds
via the following reactions17.

The alumimum oxide is dissolved by the sulphuric acid as is described by equation (1
and the oxide is then reformed by the reaction in equation (2)
A1203 + 3H2S04 -» A12(S04)3 + 3H20 (1)
2A1 + H2S04 + Na2Cr207 -» A1203 + Na2S04 + Cr2S04 + 4H20 (2)
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Most of these compounds are in the form of ions in the solution and the reaction in

equation (1) occurs more rapidly leaving a controlled amount of oxide on the surface.
Pocius48 studied in detail the effect of dissolved copper ions on the resultant
morphology and concluded that the rate and morphology of the regrowth oxide was
altered providing a more wettable surface for the adhesive. He concluded in further

studies49 that the addition of the copper modifies the electrochemistry of the FPL etc
making the metal surface more noble which results in an oscillating electrochemical

reaction. This oscillating reaction provides a more efficient means of deoxidizing t

surface, providing a reproducible oxide in a shorter period of time. There are proble
however, associated with too much aluminium in the solution. No change in oxide

morphology occurs until very high quantities of alumimum are dissolved in the soluti
(~ 2 wt% ) but it appears at levels as low as 1 wt% by-products can precipitate out
which may not be removed by the rinsing process and result in poor joint strength.

The possibility of overdosing with ions is also present, therefore special care shoul
be taken. Chen et al.50 has demonstrated the negative effect of chloride ions on
durability. McMillan36 and Venables8 have both demonstrated the negative effect of
fluoride ions in the etchant solution. Venables believes that the fluorine inhibits

growth of the whisker oxide morphology that in turn reduces the amount of interlocki
which may occur once bonded.
A detailed study has been carried out on both the effect of rinse pH51 and solution
age52 on the initial joint strength and the joint durability of FPL treated 2024-T3
alumimum. Results indicate that both play a critical role in the performance of the
joint.
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Table 2.4 - Various modifications to the FPL and Alcoa A 3 pretreatments.
Bath Composition (wt%)
Temp
°C
Process
Sulphuric Water
Potassium
Others
Dichromate Acid
2.5
24.3
FPL etch
73.2
68
FPL
optimised

5.0

26.7

68.3

FPL-RT

6.4

23.4

70.2

Alcoa A 3

100ml

1.5g/L
Aluminium
filings

35g/L Chromic
Acid

Time
(min)
15-30

65

10

22

240

82

10

It has been observed that if rinse water has a p H <3.0 then the surface is likely to be

contaminated beyond an acceptable degree and this will result in possible c

failure of the bond. The contamination is believed to result from an acid r

left on the surface and reacts with the curing agent in the epoxy to produc
between the oxide and the bulk of the adhesive.

The effect of varying the type of water used in the rinsing process also ap

a substantial effect on joint strength and this phenomenon has been investi
number of authors. Wegman53 has shown that rinsing with hot deionised water
much lower strength joints than those rinsed with hot tap water.

2.2.3.4 Chromate Free Deoxidizers

Recently the toxicity of chromates and their waste disposal has become an i
the replacement of chromate containing pretreatments has been investigated

number of authors.24'54"57 Quite a number of alternatives appear to produce j
comparable initial strength although there is a lack of durability data.
CQ

The use of hydrochloric acid was studied as early as 1961 by the Alcoa labs. Due to

the nature of the work carried out the results of the studies have been una
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public until recently. Very little has been carried out by others to determine the

effectiveness of hydrochloric acid as a surface pretreatment for bonding aluminium.
Wegman58 at the Alcoa labs studied the effect of substituting HC1 for sulfuric acid
the FPL treatment and found a 43% higher initial joint strength and a 30% greater

strength retention after exposure for two years to a Hot-Water/Freeze/Hot-Air Dry c
environment, compared with joints treated by the original FPL deoxidant.
The surfaces produced in even very short exposure times using a dilute solution of
HC1 modified FPL treatment are extremely rough when compared to those treated by

the almost passive Alcoa A3 and FPL treatments58. The effect of alloy purity is also
significant importance when etching aluminium, as it has been illustrated that the
alloying elements an alloy contains, the greater the degree of attack. It is hence

that the effectiveness of the chromate in controlling the aggressiveness of the HC1

solution is far outweighed by the alloy purity. It was later determined that substi

butyl alcohol for the chromate gave much greater control over the aggressiveness of

solution, as had been the purpose of the butyl alcohol in the commercial Deoxidine™
deoxidiser.

The durability of HC1 treated joints has been shown to be significantly better than

produced by FPL processes. FPL treated joints when exposed to a seacoast environmen

have shown complete delamination within 2 years where as HC1 treated joints retaine
a high degree of strength even after 8 years exposure to the same environment.

It was observed when etching the alumimum alloy surface in the HC1 solution that th

oxide produced was almost black in colour (depending on the alloy) and that a resid
smut remained on the surface even after rinsing in running water. This layer was
mechanically loose and could be easily removed from the surface with a wipe of the
finger hence a 40% nitric rinse solution was used to remove the smut. What is
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extremely interesting and remains unexplained is the fact that the joints produced by

both wiped and unwiped surfaces are indifferent in initial strength or durability, he
the question arises of what happens to this poorly adhering layer once bonded.
Recently the preparation of adherends using a "cold" FPL treatment have led to the
formation of joints with strength and durability equivalent to that obtained by HC1
treatment59 although it should be noted that the former treatment requires 20 minutes
immersion in comparison to 1 minute for the HC1 treatment.

2.2.4 Aluminium Conversion Coatings
In general the largest volume of pretreating aluminium for obtaining long-term
durable bonding with organic polymers, has been the generation of various forms of
conversion coatings. The use of conversion coatings has been employed in the

aerospace industry for many years as a means of pretreatment prior to both bonding an
priming of aluminium surfaces. The chromate conversion coatings have also provided
the alumimum with the ability to resist highly corrosive service conditions.
The main types of coatings are (1) amorphous chromate, (2) wash primers, (3)
amorphous phosphate, (4) acid clean coats, (5) ALROK™ and (6) crystalline
phosphate. The chemical composition of a number of these treating solutions, the
conditions under which they are applied and colour of resultant coating are given in
Table 2.5.
As a result of most research of this particular method of pretreatment being carried
out within the aircraft industry, there is not a great deal of information available
strength and durability of bonds produced using conversion coated adherends in the

open literature. Of the information available, Peters60 has studied the effect of coat

thickness on the bond strength and determined that as the coating thickness increases
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the joint strength decreases overall. It was also demonstrated that the weakest

the coating is in the upper layers of the coating close to the adhesive interfa

failure site could be extended further down into the coating by the use of an a

with increased mobility (decreased viscosity) which would in turn penetrate the
better.
Table 2.5 - Chemical Conversion Coatings used for Pretreating Aluminium
Type of
Solution
Treatment
Treatment
Colour
Coating
Composition
temperature
time
Alkaline oxide
3 % Na 2 C0 3
Boiling
5 mins
Grey
(0.04 -0.1mm)
1% Na2Cr04
Alkaline oxide
0.5% NaA102
5 mins
95°C
Colourless
0.25% Na Salicylate
Crystalline
0.7% Zn
55-57°C
2-5 mins
Colourless
Phosphate
1.0% P0 4
2.0% N 0 3
1.0% BF4
0.5 - 5.0 mins
37-55°C
Amorphous
Green
7%H 3 P0 4
Phosphate
0.2%KHF2
0.4%CrO3
21-32°C
0.5 - 5.0mins
Yellow to
Amorphous
0.75% Na2Cr207
0.5% K3Fe(CN)6
Tan
Chromate
0.1% NaF
0.3% H N 0 3
Boiling
15mins - 5 hr Colourless
Distilled or
Boehmite
200 - 2000nm
Deionised H 2 0
Data taken from Ref 61

Minford5 published some results which demonstrated that with a room temperature

curing adhesive, the acid deoxidising treatment (Alcoa A3) gave the greatest joi

strength and durability, but when using a 200°C curing adhesive the trend was r

This may be explained simply by the aforementioned effect of decreased viscosit
the adhesive allowing penetration into much smaller micro pits.
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2.2.5 Anodizing
Sulphuric acid anodizing (SAA) has been the most widely employed form of
anodizing for many years throughout the alumimum industry as a means of providing a

thick oxide layer for a wide range of architectural products. The oxide coating prod

has very good resistance to extreme weathering conditions but due to its thickness i
susceptible to failure when adhesively bonded, particularly under low temperature
service conditions and where high peel stresses are involved.
There are two types of SAA coatings which have been produced, these are (I) the
conventional type, and (II) the hard coat type. The conventional type is the most

commonly produced for decorative and protective finishes and ranges in thickness fro

0.1mm to 1.2 mm. The conventional form of these coatings is colourless or transparen
on aluminium, although it is possible to colour them if desired. The most common

thickness for application as a long-term protective coating is between 0.7 and 0.8m
Chromic acid anodizing (CAA) is the preferred pretreatment for aluminium adherends
used in Europe, providing good corrosion protection and joint durability with oxide

thicknesses of the order of 0.3mm. While a much thinner oxide than the sulfuric aci
anodized surface, it is considerably more dense coating compared to the phosphoric
acid anodize. The surface morphology produced has been reported as looking like
"cornflakes" which can be of the order of 200nm protruding out of a lOOOnm
background section.

It should be noted though that the oxide layers formed from any anodizing process ar

generated beneath the already existing oxide.5,8,62 This means that after anodizing is

complete the very top surface is relatively unchanged from its original morphology p

to anodizing. There are differences however, that appear between the underlying oxid
produced by the various anodizing techniques.
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A number of different processes have been used for producing a C A A surface on
aluminium, a number of these are listed with processing variables in Table 2.6.

Table 2.6 - Processing Steps for C A A Pretreatment of A l u m i m u m
Pretreatment
Specific Identification
MIL-A-8625C FPL Bell-Helicopter FPL
Step
Fokker-Chromic
Sulphuric etch
Anodization
40-50g/LofCrO3 6 0 - 1 0 0 g / L o f C r O 3
50g/LofCrO 3 ,
90 -100° F,
90 - 99° F
100-108° F,
8 V/min to 40 V,
3-5 V/min to 40V, 5 V/min to 40 V hold
hold for 55 mins
hold 30 - 35 mins
2 mins then up to
30V hold for 10 mins
Process Controls
10
10
Amps/m2
2.2
Weight (g/m2)
30
30-50
Free acid (g/L)
0.4-0.6
PH
Data taken from Minford

Just as with deoxidizing, the rinsing process after anodizing has a very critical effect

on overall surface bondability and its ability to provide good corrosion protecti
been reported that as with deoxidising, a strong presence of chloride ions in the
anodizing solution and/or in the rinsing water may result in a negative effect on

bondability of the surface. It is also important that sulphates don't enter into t
anodising bath from a previous treatment process, as this appears to result in a
in the corrosion resistance of the CAA oxide. The use of hot deionised water for
has been shown to have some kind of sealing effect on the oxide, which results in

decrease in the bondability and therefore reduced durability provided by the oxide
Hence a rinse temperature of below 88°C is recommended.64
Rogers65 has recommended the following post-treatment after CAA (1) rinse the

substrate within 5 minutes of removing the potential; (2) rinse with clean soluti
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chromic acid, sodium dichromate or nickel acetate to obtain best corrosion protection

but do not seal above 88°C; (3) dry in ambient air at a temperature no greater than 7
Phosphoric Acid Anodizing (PAA) has recently become the preferred pretreatment for
the US aircraft industry, replacing the optimised FPL treatment. Early test results
revealed that PAA surfaces could not be sealed like SAA or CAA surfaces, and due to
its lack of corrosion resistance its use as a pretreatment for aluminium used in
architectural applications was discarded.
Workers at Boeing, though, saw the open, porous, columnar oxide structure produced
by PAA as an excellent opportunity for high-strength and durable adhesive bonding.

Marceau66 recently published a very comprehensive study of the process and the variou

processing variables involved. Venables67 showed that the large open pores of the PAA
oxide should enhance adhesion, offering the greatest possibility, among the commonly

used anodizing procedures, for mechanical interlocking of either a primer or adhesive
Boeing were the first to develop, patent and put into commission a commercialised
procedure for producing alumimum which is capable of high bond strengths and good
durability using the PAA process.
Due to the non-sealing ability of the oxide it is susceptible to corrosion although

thought that a suitable adhesive will impregnate the oxide providing good bondability

It is possible though, that a corrosive environment such as salt water may undercut t

unprotected periphery around the joint. The overall durability of PJAA structural bond
after exposure to water-soaking, hot-humidity and salt water has been recorded by a
number of authors34,68"70 and found to be superior to both SAA and CAA.
Marceau's paper also deals with pretreatment of the aluminium prior to anodizing,
rinse water-quality guidelines and recommendations have been made that no longer
than 2 minutes be left between when the current is switched off and rinsing begins.
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A typical P A A procedure is described in Table 2.7. Locke 71 has reported on the

development of a tank free anodizing technique developed for ' in the field' repairs
aircraft.
Table 2.7 - Processing steps for PAA treatment of aluminium
Step
PAA
Pretreatment FPL Deoxidation

Rinse

lOOg/L H 3 P 0 4
20 - 25°C
10V for 25 mins
Deionised water at 20 °C

Dry

Air

Anodization

Duranodic™ is a tradename of Alcoa for a very thick oxide layer used on aluminium

surfaces for corrosion protection and a decorative finish for architectural purposes

type of finish is a little different from the SAA finish discussed earlier. The main

difference is the incorporation of special alloying elements to allow intrinsic colo
of the surface. The pretreatment also comprises of an organic acid electrolyte used
bath type treatment compared to an inorganic acid used in PAA, SAA and CAA.
Minford conducted some investigations into the durability of this new treatment. It

would be expected that due to the increased thickness of the layers, cohesive failur

might occur through the oxide layer but this is not the case, and the duranodic™ sur
showed no significant decline in strength compared with the much thinner SAA

pretreated surfaces. It is thought that this may be a result of greater packing dens
produced by this particular pretreatment.

Scardino73 has published results of wedge tests which were carried out in a salt spra
environment using PAA pretreated substrates that had a primer applied prior to
bonding. These results show a significant decrease in crack growth over those
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adherends pretreated solely by F P L deoxidation or by F P L pretreatment followed by
either PAA or CAA.

2.2.6 Primers for Adhesion Pretreatment
Quite often surfaces which have been pretreated prior to adhesive bonding by

abrading, solvent wiping, anodising or some other means are treated using a primer or

coupling agent of some kind. Primers have the function of acting as adhesion promoter

and protective coatings whereas coupling agents are designed to create a chemical bon
between the adhesive and the adherend.
Primers are important for a number of reasons; (1) they protect the surface from
contamination by the environment; (2) they are less viscous in most cases than the

adhesive, and therefore have the ability to interlock with the aluminium surface more

readily; and (3) they may act as a corrosion inhibiting layer on the aluminium surfac
The lower viscosity of the primer allows application by numerous methods that are
not available to adhesives such as spraying, brushing, dipping etc.
There is also the possibility of better wetting of the alumimum surface than if the

adhesive had been used alone. It is possible to add wetting agents, flow-control agen

elastomeric toughener additives and corrosion inhibiting agents to the primer as wel

the adhesive but due to the low molecular weight of most primers their ability to flo
and wet is greater than that of an adhesive. Care must be taken when developing a

suitable primer to keep in mind that the cured surface of the primer has to be wet by
adhesive otherwise the use of a primer is pointless.
Many studies have been done to emphasise the advantages of using a primer. Bishop
et al.74 has published results which show that without a primer an epoxy-adherend
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interface contains a large number of air bubbles but application of a primer signifi
reduced air bubble formation at the adhesive-primer interface.
Due to ecological concern the development of water based primers is currently

playing a major role in primer development. The water-based primers that are currentl
being developed are based on a water emulsion of an adhesive with a number of other
ingredients such as surfactants and corrosion inhibitors.
The use of electrodepositing primers is a well-established process that has largely
been utilised in the automobile industry. The process involves the dispersion of an
electrophoretic (charged) organic polymer that may be attracted to a charged metal
adherend. This method of application offers a number of advantages over spraying or
dipping, including; ease of application, less pollution, uniform film thickness and

application. Due to the majority of the market for this method being in the automobil

industry the major portion of work has been on the development of primers for steel a
hence the use of this technique for aluminium has received little attention.
It should be noted that if the use of the priming step could be removed significant
costs could be cut and hence the push toward removing the priming stage of bonding
has also received considerable attention.

Sell75 has shown that the aluminium joint durability tends to increase with increasing

primer thickness up until the point where the primer begins to act as a separate laye
Reinhart76 has published a very comprehensive study of the use of primers in the
aerospace industry. He has considered many of the problems such as toxicity and
flammability of the primers applied from organic solvents.
There have been a number of other workers who have been actively involved in the
77

search for more durable and environmentaly safe primers such as Pocius and Wilson
who have published information relating to their sprayable water based epoxy primer.
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Pike and Lamm78 have presented inorganic alternative primers like aluminium alkoxide
which they reported to have good wedge-crack performance, although no comparisons
were made.

2.2.7 Coupling Agents as Adhesion Promoters

It has been shown over time that one of the most destructive elements affecting join

durability is water. In an effort to improve the durability in such an environment t
proposition was made to try and produce a low molecular weight polymeric material
which is capable of reacting chemically with both the adherend and the adhesive to
provide a chemical bridge between the two.
The environmental concerns associated with the use of chromates and the increasing

use of aluminium has lead to a large amount of work being carried out to determine t
effectiveness of silanes as an adhesion promoter for alumimum. The success of these

films and their characteristics such as cross-link density, thickness and reactivity

to be highly dependent on the conditions when they are applied such as concentration

pH, drying times and drying temperature. The acid-base nature of the surface is also
thought to have a fundamental effect on the performance of the coupling agent.
Organosilane coupling agents have the chemical structure R'~ Si ~ R where the R' is

a functional group that is capable of reacting with the particular adhesive, such as
amine group for an epoxy adhesive, and the R group is a functional group capable of

reacting with the metal oxide and is easily hydrolysable, such as a methoxy group. T

R group converts to a trisilanol, which can be absorbed onto the oxide layer by mean
of hydrogen bonding. The Royal Australian Air Force (RAAF) have developed an
organosilane surface preparation technique for use in bonded composite repairs to
aluminium structures. Recently Mazza and Kuhbander79,80 have investigated the
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Australian silane surface preparation technique to 'fine rune' it by determining the b
processing variable for use on the US aircraft flotilla. Although it is clear that
organosilanes have the ability to produce very durable bonds between aluminium and

adhesives, the actual reason for this success is not clear and hence investigators suc
Abel et al. • have been studying the interaction between the silane and the aluminium
oxide in more detail.

2.3 Fatigue Strength of Adhesively Bonded Aluminium

Fatigue testing is usually carried out using a single lap joint specimen, and followin
the procedure described in ASTM Std D-3166. Stressing is usually of the form cyclic

axial or bending. Variables that need to be considered are cycling frequency, amplitud
of the motion, test temperature, and type of stressing. Results are generally plotted

time to failure vs load or the log-log of this combination. The intersection of the lo
with the 10 million cycle point is usually classified as the fatigue strength value.
To quantify the fatigue behaviour of any bonded joint an accurate analytical

representation of the stress strain distribution in the adhesive needs to be establish

a function of the applied force. The two main properties of interest are the tensile c
compliance and the Poisson's ratio. There are many other material properties that can

influence the stress-strain state such as moisture, adsorption and desorption of moist
thermal coefficient of expansion and the glass transition temperature.
Reports61 on the fatigue strength of adhesive bonds date back as early as 1967, and as

early as 1962 it was realised that bonded structures could show superior durability to
welded or riveted sections. There are a number of other workers who have reported on

the fatigue strength of adhesively bonded joints, many of whom have dealt with aircraf
applications.
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Brussat et al.83,84 demonstrated from a fracture mechanics approach that it m a y be
possible to correlate cyclic debonding growth rate with strain energy release rate. He
also demonstrated the three modes of failure that are possible in a fatigue failure,

namely; I (opening), II (sliding) and III (tearing or cleavage). They determined that in

practice it appears that only peel forces and shear stresses exist near the failure reg
during cyclic loading.
The role of peel stress was initially investigated by Everett85 in 1982 and recent
investigations by Copland et al.86 have shown how peel strength effects adhesively
bonded alumimum when loaded in a cyclic manner. Results from their study lead them

to conclude that peel strength is directly related to the number of cycles to failure a
particular adherend thickness as illustrated in Figure 2.4.
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Figures 2.4 - Relationship between Shear stress range and Peel stress range as a function
of a N u m b e r of Cycles to failure for adherends of varying thickness86

M°Millan 36 has reviewed the behaviour of structural adhesive joints in fatigue and

related the results to types of failure given by aircraft in service. He also noted the
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of low frequency fatigue stressing and environmental exposure as being particularly
damaging to aluminium joints.
Althof87 has studied the effect of varying cyclic loading on adhesive bondlines. The
effect is especially pertinent when the adhesive shows viscoelastic properties as it

undergo displacement through the bondline during cycling, and hence the load required
for constant displacement with time is decreased.
Althof & Brockmann88 carried out the measurement of adhesive shear properties by

determining the shear strains in short bondlines between alumimum adherends of a very
high stiffness. uAlthof has also shown that the stress strain relationship for these
bondlines is similar to thicker bondlines.
It was proposed as early as 1963 by Matting & Ulmer89 that there was an
accumulation of residual shear displacements in adhesive joints subjected to cyclic
loading although no quantitative data could be obtained. Althof carried out a large
amount of experimental work on bondline shear strain, by using time dependent
measurements with thick aluminium specimens in the early 80's in an effort to obtain

this data. During his research he was able to (1) analyse with respect to a mathemati
description, (2) determine bondline thicknesses at which strains are negligible, (3)
compare the effects of squarewave and sinusoidal stressing of the bondlines, and (4)

estimate the criteria for bondline failure during cyclic loading. A summary of his wo
can be seen in Table 2.8.
The results from Althof s87 work produced a number of important points: (1) when a

plastic strain could be induced into the bondline during the first cycle then the joi

would fail after only a few cycles, (2) if the shear stresses where below the quasi-e

stress limit then the strain could increase slowly, (3) creep is significantly greate

early cycles, (4) residual strain remaining after a cycle appears to be due to the lo
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recovery during the unload period in comparison with the creep experienced in the

loading cycle, (5) the bondline will fail when the residual strains in the joint bui

a critical level, (6) the shorter the periods of loading and unloading the shorter t

to failure, (7) the accumulated strain resulting from cyclic loading will correspond

the failure strain measured for static loading, (8) mathematical predictions are onl

possible where the deformation is such that the adhesive behaves linear elastically,

(9) the shear strain behaviour at medium and high loads indicates that the effective

mean load causes an increase in the total strain which is analogous to that behaviou

static creep tests under sustained loads. It appears that these observations are onl
for short bondlines with a homogeneous distribution of shear stress throughout the

bondline. Althof concluded from his observations that the failure criterion could no
fatigue failure caused by a progressive crack front as was proposed by Matting &
Ulmer89 and Romanko and Knauss.90
The fatigue properties of weld-bonded aluminium have been investigated by Wang et

al.91 An epoxy adhesive was incorporated in a spot welded joint. Prior to weld bondin
the aluminium was coated with a mixture of silicon and chromium oxide to prevent
oxidation of the aluminium during welding and to promote adhesion. Fatigue testing
was carried out at 10Hz using a sinusoidal wave form and a R value of 0.1 (R =
min/max load). Results were obtained at both ambient and at 38°C, 100% RH. The
results of the fatigue tests are available in Figure 2.5 that shows the weld-bonded
specimens to have superior fatigue resistance to spot-welded samples.
The aggressive effect of a hot/humid environment is also evident, however. The
samples exposed to the hot/humid environment show a consistently lower fatigue
lifetime for a given maximum load compared to those samples tested under ambient
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Table 2.8 - Fatigue Test results using FM-73 Adhesive on Aluminium Adherends
Maximum 1
Shear Stress

Time of Load Period/Unload Period (min)
60/15

15/5

4/2

1/1

0.5/0.5

a

MPa

Nf

Yf

Nf

Yf

Nf

Yf

Nf

Yf

Nf

Yf

40

7

1.48

6

1.48

5

1.46

29

1.48

30

1.5
0

37.5

8

1.40

5

1.45

25

1.60

5

1.43

11

1.45

62

1.41

27

1.43

28

1.3
8

35

15

1.50

13

1.52

26

1.50

35

1.48

47

1.36

164

1.52

72

1.4
2

35

1.53

56

1.40

33

1.50

61

1.60

171

1.45

52

1.38

1626

NF

49

1.48

25

120

NF

61

975

NF

20

1270

NF

30

1765

NF

1640

NF

(a) max/minload
N f = Number of Cycles to Failure
yf = Shear strain on Failure
Data taken from Ref . 24

conditions. It is believed that two mechanisms are predominantly responsible for the

fatigue strength degradation in the hot/humid environment: plasticisation of th

adhesive and permanent weakening of the aluminium oxide. Results from Wang's st

indicate that plasticisation of the adhesive was the primary failure mechanism.

plasticises the adhesive causing a lowering of the Tg and a reduction in the te

strength of the adhesive, this degradation is enhanced by elevated temperatures
stress. This aspect will be dealt with more thoroughly in the next section.

38

_ 4z
J*

x> 3 _
10

Spot Welded
Steel (2mm)

o
_J

2

E
D

E 1_
ro
5

104

WELD-BONDED ALUMINUM
• = AMBIENT
• =100%R.H. /38°C

Spot Welded
Steel (1.4mm)

105
1u 6
Fatigue Lite (cycle)

Figure 2.5 - Fatigue test results for Weld-Bonded alumimum joints.91

2.4 Prediction of the Fatigue Life of Adhesively Bonded Joints
Kinloch & Osiyemi recently published a paper which dealt with the prediction of the

fatigue strength of adhesively bonded joints. The early work of Mostovoy and Ripling

clearly established the validity of using a linear-elastic fracture mechanics appro
describing the fatigue crack growth behaviour when bonding alumimum with epoxy
adhesives. Throughout the experimental work carried out by Kinloch & Osiyemi they

employed a tapered double cantilever beam specimen and tested it under mode I cyclic
loading conditions. Measurement of the rate of crack growth as a function of strain
energy release rate was determined where:
u-»vJ

vJmax " ^Jmin

(3)

and where G ^ x and G ^ are the m a x i m u m and m i n i m u m values of the strain energy

release rate per cycle. Initially they observed that for much of the experimental d
crack growth could be expressed by the Paris equation:
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da_
= A f AGq
dN

(4)

where A f and q are constants.
Now if fatigue data is plotted in the form of Gmax versus crack growth rate using a
axis then a major portion of the graph can be described by the Paris equation as
illustrated by Mostovoy and Ripling. If though, the complete relationship between
da/dN and AG is plotted then it is sigmoidal in shape as illustrated by Figure 2.6.
curve may be divided up into three distinct regions:
Region I - This is the threshold region and is associated with very low values of
crack growth rate per cycle, dA/dN and Gmax. The threshold value (G^) is
defined such that no significant fatigue crack growth occurs, for Gmax values less
than GthRegion II - Is the linear portion (described by the Paris equation). In this region
the higher the load (Gmax) the higher the crack growth rate per cycle.
Region HI - Is where the value of G^x begins to approach that of the adhesive
fracture energy, Gc, measured under monotonic loading conditions.
It is therefore possible to describe the complete form of the relationship:
(

1-

— = DGn
dN

,nl

G th

V
fn

max.

\n2

(5)

u «. J

where G,h is the threshold value of the adhesivefractureenergy below which no fatigue

crack growth is observed to occur and Gc is the value of the adhesive fracture energy
from constant rate of displacement tests. D, n, n! and n2 are materials constants
The work of Kinloch and Osiyemi92 was to study dynamic fatigue behaviour and
predict the lifetime of single lap joints. Their studies used the DCB test specimen
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obtain values of da/dN as a function of Gma X and hence determine the values of D, n, n}

and n2. Their work employed a sinusoidal wave of 5 Hz applied with a R value of 0.5

100

1000
O.k.OrW)

loooo

Figure 2.6 - Log-log plot of da/dN vs Gmax for alumimum substrates bonded using an
epoxy adhesive.92

From the results it appeared that there exists a threshold value, Gm below which, n

significant fatigue crack growth occurs. The value of Gm appears to be approximatel
one order of magnitude lower than the fracture energy of the bulk adhesive Gc.
It is well known that single overlap joints fail in tension due to the transverse
stress which act at right angles to the direction of the applied load,4 hence the

maximum value of transverse tensile stress, an, in a lap joint may be given by Hart
Smith94 to be:
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o n = M,

(6)

where E a and ta are the modulus and thickness of the adhesive and the bending stiffness,
X, and bending moment, Me, are given by:

X =

12(1-v2) ^

Me = 05KT(h + ta) (7)&(8)

where Es is the modulus of the substrate and h and v are the thickness and Poissons
ratio of the substrate and K and e are given by:

i (TY2
K=

TT7o md

£=

bJ

(9)&(10)

Williams95 proposed an equation which enabled the calculation of Mode I strain-

energy release rate, based on the strain energy release rate acting in a cracked beam.
Using this equation and combining it with Equations 8 and 9, Gmax may be expressed
by:

_ 12 fr max (/. + OYf \_

G
max

£Jf\

-,

(l + e[c-aY

(H)

where c is half the overlap length and T the load per unit width.
By combining equations 5 and 11 to eliminate Gmax and by integrating between the
limits of initial flaw size, ao, and flaw size to cause catastrophic failure, a^ it

to form an equation (Equation 12) to predict the fatigue lifetime of single lap joints

Figure 2.7 shows a graph of the experimental values and prediction values calculate

using the analytical model for bonded carbon fibre composite joints.92 From the grap
can be observed that a good correlation exists between the experimental and the
predicted values, thereby illustrating that it is possible to predict the number of
failure for an adhesively bonded joint.

42

N

_a'r[Esh\l+ £[c-a)fY"2 [GAh\l + 4c-a])2Y-[3(Tm_Jh + q?r> J (12)
' IDG? WmaAh + tfr* ' [[3(T^{h+ ta}ff> - GthEsh\l + 4c - a]fT

400

£

300

z
y

E
h- 200

100

Nf (Mcycles)
Figure 2.7 - Theoretical versus Experimental values for lifetime prediction of adhesive
92
joints
3,96,97

Recent work by Kinloch and his co-workers ' ' , has applied this analytical model to
adhesively bonded aluminium. There have, though, been instances where the model has
not given a good correlation between experiment and prediction.98"100 In most instances
this was due to the analytical prediction over-estimating the dependency of strain
energy release rate, Gmax on crack length, a.
Xu et al.101 have examined the effect of thefrequencyof fatigue and its impact on
crack growth rates. They concluded that as thefrequencyis decreased the amount of
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creep within a joint increases which in turn increase the process zone size and result
an increase in crack growth rate.

The effect of pretreatment and a hostile environment on fatigue life, and its impact o

the ability to use the analytical model for predicting the number of cycles to failure
also be investigated by Dickie et al.102 They illustrated the degrading effect of the
hostile environment on fatigue life and demonstrated the significant improvement that
pretreatment of the substrate can have on fatigue life. These results are described
further in the next section. Importantly, Dickie and coworkers illustrated the
effectiveness of the analytical model in assessing the effects of different service
environments and substrate pretreatments on the fatigue life of bonded joints.

2.5 Effect of an Aggressive Environment on Fatigue Strength
As was mentioned earlier there are two main mechanisms that are thought to be

responsible for joint degradation, these are plasticisation of the adhesive and perman
weakening of the oxide layer.32'103"105 Both of these mechanisms have been shown to be

accelerated by a moisture rich, high temperature environment. The graphs in Figure 2.8

illustrate the effect of moisture content on the tensile strength and elongation of an
epoxy adhesive. This decrease in overall strength of the adhesive can be directly

associated with a decrease in the glass transition temperature as illustrated in Figur
The water adsorption can be attributed to the moisture affinity of the high polar
functional groups in the adhesive. On a molecular base the effect of the water is to
decrease the hydrogen bonding between the polymer chains. Studies by a number of

authors9'106 have illustrated that this effect is almost 100 % reversible by drying of t
adhesive, although there have been recorded cases where in fact drying the adhesive
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Figure 2.8 - Effect of moisture content on tensile strength and elongation of an adhesive
joint.91
causes an even further reduction in the T g of the adhesive.91
Microscopic examination of the adhesive surface using S E M revealed that exposure to
a moist environment leads to micro cavities in the surface thought to be a result of

swelling due to the water adsorption of the adhesive. These micro cavities in turn were
thought to result in an easier path for crack propagation.
,-.130
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Figure 2.9 - Decrease in strength of adhesive joints as a function of T g
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Mackie & Su2 have reported on the static and fatigue strength of bonds made with
steel adherends and five epoxy adhesives which were aged for up to 9 years in
environments ranging from ambient to 90% RH @ ambient. Their results showed that
even after aging for this length of time some of the adhesives showed an overall
improvement in both static and fatigue strength.
There are a number of other authors such as Harris & Fay,105 Dodiuk et al.,107
Andrews & Stevenson108 and Comyn109 who have studied the effect of moisture
diffusion on both the static and fatigue strength of adhesively bonded joints. The

generic conclusion by all is that moisture enters the joint by diffusion through the
adhesive, wicking along the interface or capillary action. The moisture ingress can

result in either reversible or irreversible damage, it may induce swelling of the adh

or attack the interface. The degree to which each of these may occur is dependent on
the particular substrate and adhesive in question.

2.6 Effect of Adhesive Chemistry on Fatigue Strength
From the results provided by Mackie & Su2 and Wang et al91 briefly described in

Section 2.5, it is obvious that the chemistry of the adhesive must play a determinin
in the behaviour of an adhesive joint when subjected to an aggressive environment.
Mackie and Su studied the effect of five different cold-cure epoxy adhesive

formulations on the static and fatigue strength of bonded bright mild steel tested u
various environments. They determined that the adhesives that were cured using an

amine hardener showed the best strength retention after exposure and those that were

cured with an amide hardener showed the worst. They also concluded that water uptake
measurements together with the change in bulk adhesive fracture toughness might be

used to determine to a degree, the performance of the adhesive in a hostile environme
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Krause et al.1 have studied the effect of the adhesive chemistry on the fatigue streng
in various service environments as have others. The study by Krause and coworkers
involved looking at the static and fatigue strength of samples bonded in lap shear

configuration using both polyurethane and epoxy adhesives. The fatigue test results f
the epoxy adhesive revealed that immersion in an aqueous environment at 90°C for one

day resulted in a decrease in cycles to failure from 20,000 to 100 where as the ureth
adhesive showed a slightly slower reduction in strength after immersion in water at

40°C. It is thought that the mechanism of degradation for the urethane adhesive is mor
complex than simple swelling as has been proposed for the epoxy adhesive.
Breman110 has investigated the effect of a number of corrosive environments on the
strength of high strength aluminium adhesive joints. He has reported that exposure to
salt spray environment lead to accelerated corrosion of the aluminium at the
adhesive/adherend interface which enabled penetration of moisture into the adhesive
and along the interface hence providing a path for crack growth.
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2.7 Proposed Work
From the current review it appears that there has been a considerable number of
investigations dealing with the fatigue life of adhesively bonded joints.
The effect of high temperature and high humidity environments on both the adhesive
and the adherend and hence the overall fatigue life has also received considerable
attention. There appears though to be a limited amount of work examining the effect

a marine environment (more aggressive than water due to its corrosive aspects) on th
fatigue life of adhesively bonded aluminium. It is, hence, proposed that a study be

undertaken to investigate the effects of such an environment on this particular join
system to make available the necessary data to implement this type of bonding for

industrial applications and to further the understanding of adhesion failure mechani
Thus the aims of this thesis are as follows:
1. Examine the static strength of joints made using a number of different adhesives
conjunction with alumimum substrates pretreated using a number of different
techniques and tested after exposure to both an ambient environment and immersion
in a sodium chloride solution.
2. Design and build a Fatigue testing apparatus capable of testing samples at a low
frequency with the ability to simultaneously expose samples to a salt spray
environment.

3. Determine the fatigue strength of joints made using a number of different adhesiv
and in conjunction with aluminium substrates pretreated using a number of different
techniques and tested after exposure to both an ambient environment and a salt
spray solution.
4. Design and implement a method for measuring the Gc of fracture mechanics
samples whilst under both fatigue cycling and exposure to a salt spray environment.
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5. Using the results from fracture mechanics tests carried out using the WTCB sample
configuration and formula in the literature, determine the degree of agreement
between the experimentally obtained data and that derived from mathematical
prediction.
6. Investigate techniques such as microscopy and XPS in an effort to elucidate the
differences in adhesion of joints formed between the various adhesives and
pretreatment methods, and

7. Determine the trend that exists, if any, between the fracture toughness of the bul
adhesive and the fatigue strength of the joints made using the various adhesives.
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3.0 E X P E R I M E N T A L
3.1 Materials
3.1.1 Description of Adhesives

Three different epoxy adhesives where chosen for use in the lap shear and f

studies. The adhesives are listed together with a number of their propertie

For the Incat study a number of other epoxy and polyurethane adhesives were

These are listed with a short description in Table 3.2. Ciba Geigy were a p

of the research carried out and were interested to see how their various ep

polyurethanes performed for the bonding of aluminium oxide surfaces hence t
supplied all adhesives.

Table 3.1- Details of epoxy adhesives used in Lap Shear and Fatigue studies.
Trade
Name

K106

Araldite
2015

Epibond
89650

Description

Unfilled adhesive
Resin - Bisphenol A
Hardener
Polyaminoamide
and
aliphatic polyamine
Two
component
toughened adhesive
Resin - Bisphenol A +
reactive diluent
Hardener - Aliphatic
polyamine
Rubber
toughened
adhesive
Resin - Bisphenol A +
formaldehyde,
glycidyl
ether
Hardener - Modified
Aliphatic Amines

Min
Cure
Time
18hrs @
25 °C

1 Cure
Temp
Used

ro
25

lOhrs @ 25
23 °C
|

168hrs
@25°C

25

Mixed
Viscosity
(PaS)
40

Mix
Ratio
(by
weight)
5A:
4B

Thixotropic

100A:
100B

15.6

100A:
55B
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Table 3.2 - Description of various adhesives used in the Incat study.
Trade N a m e
AV3131
K138
Araldite2010
Araldite 2012
Araldite2013
Araldite 2014
Araldite 2016
Araldite 2018

Description

Min Cure
Temp
One Part, heat cure epoxy adhesive
l/2hr@180°C
T w o part, heat resistant, toughened adhesive
18hrs@25°C
Toughened, non flexible, fast cure, two part epoxy 3hrs@23°C
adhesive.
Rapid cure, multi-purpose, two part epoxy 1 % hrs @ 23
adhesive.
°C
T w o part epoxy specifically developed for metal 10hrs@23°C
bonding
Heat and chemical resistant, two part epoxy 6hrs@23°C
adhesive.
Rubber toughened, flexible, two part epoxy 16hrs@23°C
adhesive
T w o part polyurethane adhesive
16hrs@23°C

3.1.2 Grades of Aluminium Used

Three different grades of aluminium where selected for use in the lap shear

fatigue testing. These alloys were all 5000 series materials and were obtai

O'Brien Alumimum. The extruded alloy used in the Incat study is a 6000 serie
material and was obtained direct from Incat. A detailed description of all
is given in Table 3.3.
Table 3.3 - Alloy composition and finish of different alumimum alloys used.
Grade

% Composition
Fe
0.7

Cu
0.2

Mn

Mg

5005

Si
0.3

0.2

5251

0.4

0.5

0.5

5083

0.4

0.4

0.1
5
0.1

6061

0.4

0.7

0.51.1
1.72.4
4.04.9
0.81.2

0.8

0.1
50.4

0.41.0
0.15

Cr
0.1
0.15
0.050.25
0.040.35

Zn
0.2
5
0.1
5
0.2
5
0.2
5

Thickness

Finish

-

2mm

Mill

0.1
5
0.1
5
0.1
5

3mm

Mill

3mm

Mill

Ti

Mill
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3.2 Methods
3.2.1 Lap Shear Testing
The lap shear test geometry has been used in this project to evaluate the initial

strength of various pretreatment/adhesive combinations and the shear strength afte

immersion in a hostile environment for a set time. The width of the samples used ha
been kept at a constant 15mm and the overlap to a constant 10 mm which results in
overlap area of 150 mm2. This is approximately half that of the standard 312mm2
(25mm x 12.5mm) overlap area as described by ASTM D 1002, the reasoning for this
difference will be described shortly. All samples used were 120mm in length.

Sample were initially cut from the sheet of aluminium using a hydraulic guillotine

tacking special care to avoid scratching the sheet or contaminating it with grease

particulate matter. Due to the nature of the guillotine used, the sample width cou
be accurately controlled and hence samples were cut slightly oversize and then
machined using a Bridgeport milling machine to the desired 15mm width. A 6mm hole
was then drilled in the end of each sample to allow them to be suspended during
pretreatment and drying.

Sample Pretreatment

Initially samples were pretreated by solvent wiping with Acetone. This was carried

by first placing the samples in a bath of Acetone and agitating vigorously; the sa
were then removed and placed in another bath of Acetone and again agitated before
being individually removed and wiped with a lint free Kimwipe™. The Acetone

solutions were replaced periodically after approximately 200 samples had been clea
in each bath. A new Kimwipe™ was used for each sample to ensure any contamination

was not carried from sample to sample. Once cleaned and dry, samples were placed i
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an air tight container to ensure they could not be contaminated prior to further
pretreatment.

Solvent wiped samples were further pretreated by immersion in some kind of etch

solution, the details of which are available in Table 3.4. Once etching was com

samples were removed and rinsed in water. The rinse water was replaced after eac

batch of samples were pretreated to ensure that it was not heavily contaminated

etch solution. Initially the rinse water was kept at between 60 and 75°C but in

pretreatments it was kept at the same temperature as the etchant solution. A li
reagents together with their purity can be found in Appendix A

The etching solutions were placed in a specially designed Pyrex beaker capable o

holding 2 litres of solution and enabling approximately 70% of the entire lengt
sample to be immersed.
Table 3.4 - Etchant solutions used for pretreating aluminium prior to bonding.
Solution
Designation Composition
Etch T e m p ASTM
Name
(°C)
FPL
FPL
65-67
50g/L Na 2 Cr 2 0 7
D2651
Optimised
267g/LH 2 S0 4
2g/L
Bare
2024
Alumimum Filings
+ Distilled water
Alkaline
Alk
22.5g/L N a C 0 2 + 79-81
D2651
Distilled water
FPL
with Acid
65-67
N/A
50g/L Na 2 Cr 2 0 7
267g/LHCl
HC1
2g/L
Bare
2024
Alumimum Filings
+ Distilled water
N/A
Ferrous
50g/L
Ferrous 44-46
FES
Sulphate
Sulphate
267g/LHCl
2g/L
Bare
2024
Aluminium Filings
+ Distilled water
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The beaker was placed in a water bath and heated to the specified temperature. The
water bath was designed and built at Wollongong University and is controlled using
PID controller which is in turn driven by a Labview software program. This
hardware/software allows the temperature to be retained at ±0.5 °C. The water bath
illustrated in Figure 3.1.

Figure 3.1- Water bath used for heating etching solutions, showing the modified beaker
and a number of samples being pretreated

Bonding Samples

After pretreating, the samples were rinsed and then placed on drying racks that we
covered with aluminium foil to ensure that they were not contaminated prior to
bonding. All samples were bonded between 24 and 36 hours after pretreating.
The samples were bonded using a specially designed jig, which consisted of four
rollers and two clamps. Each clamp was controlled by a screw thread and pushed
against two of the rollers that were on opposing sides of the jig as illustrated
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3.2. A graduated scale located below the sample controlled the overlap length. Prior to
placing the sample in the jig a piece of translucent teflon coated paper was placed
below the sample; one half of the sample was then placed in the jig and the clamp
tightened. Adhesive was then applied to the other half of the sample and it was then
placed in the jig to the desired overlap length and the second clamp tightened. The
teflon coated paper was then folded up the sides of the sample and a 'foldback' clip

applied to hold the joint in position prior to removal from the jig. The purpose of th

teflon coated paper is to prevent adhesive from squeezing out of the joint onto the ji

Clamping mechanism
Graduated Scale

MA

10 5

0

CI

J I
0

Sample

5

10

WW
/
Roller

Figure 3.2 - Diagram illustrating jig used for preparing lap shear samples while
bonding.

All samples were allowed to cure for a period of 7 days to ensure the adhesive was
fully cured. Excess adhesive was removed from the sides of the samples and the spew
fillets were also removed using a combination of linishing and filing, taking special
to avoid heating or subjecting the joints to any excessive pressure. This was carried

to avoid any variation in results caused by different spew fillet angles and uneven sp

fillets, which are known to effect both the strength and the locus of failure of joint
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indication as to whether spew fillets were removed has been given by the research
publications of Kinloch's group, although personal communication with a number of
the group in regards to sample preparation and analysis indicates that they were
removed due to the variations mentioned previously. The bondline thickness was

measured to be between 0.1 and 0.2mm for all three adhesives although, it is expecte

that some deviations may have occurred, as the only means of controlling the adhesive
thickness was the assumption that the pressure exerted from each of the clamps would
be equal. This variation, although known to effect results does not appear to have a
significant effect in the following studies as it is evident that there are a number

much more significant factors affecting results. The thickness of the adhesive used i
the Incat studies varied due the complex joint design which is illustrated by the
photograph in Figure 3.3

Lap Shear Testing
Samples were then tested in an Instron 4302 Tensile testng machine using a lOkN load
cell and a crosshead speed of lmm/min. Samples were clamped in the jaws of the
Instron with a spacer inserted at each end to reduce the peel effect caused by the
adherend thickness as illustrated in Figure 3.4
The Instron is interfaced with a PC via a Labview card and the appropriate software.

This enables a plot of the load versus time to be obtained as the sample is being tes
An example of one of these plots can be found in Figure 3.5. Maximum load and the
extension at that load were recorded directly from the Instron LCD display.
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Figure 3.3 -Side view of overlap joint used for the Incat study showing that the
differences in adhesive thickness that m a y exist throughout the joint.

Figure 3.4 - Photograph showing a typical sample arrangement on the Instron 4302 for
determining the shear strength of a sample.
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Durability Studies

Lap shear samples subjected to durability testing, were placed in a tray on edge, si
by side and immersed in a 5% Sodium Chloride solution. A lid was then placed on the

tray to minimise evaporation of the water and hence changes in the salt concentratio

The tray was then placed in an incubator kept at 50 °C for a period of 10 days, samp

were then removed from the incubator, left in the solution and tested once the solut
had equilibrated to room temperature.

1900
1400
900.
400

-100«
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50

100
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200
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Figure 3.5 - Typical Load versus Time plot of a lap shear sample.
Generally, a minimum of five samples were tested for each pretreatment/adhesive

combination, and the error was calculated using a 95% confidence interval. The stress
at failure was calculated by dividing the failure load by the overlap area. The mode
failure was determined by the unaided eye (macroscopically).

Effect of pretreatment time

The effect of pretreatment time on initial joint strength and durability was determi

by pretreating the samples at 1, 2.5, 5, 10 and 15 minutes respectively prior to bon
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Due to the very aggressive nature of the Acid pretreatment, the times were reduced
15 and 30 sees and 1, 2.5 and 5 minutes.

Effect of Adhesive Age
The effect of the age and condition of the adhesive on initial joint strength was

determined by pretreating a number of samples using the FES pretreatment for 2.5 an

15 minutes respectively, and bonding using 4 different batches of Araldite K106. Th

first batch was new, the second was aged but still appeared visually to be like tha

new batch, the third was effected by crystallisation of the resin. The fourth was t

crystallised batch that had been de-crystallised by placing the resin in an oven at
for 1 hr as recommended by the manufacturer.
Samples were bonded as described in "Bonding Samples"

Effect of Alloy type

The effect of alloy type on the overall joint strength and durability was determine

pretreating the three different 5000 series alloys with the FES pretreatment and bo
withK106.
3.2.2 Adhesive Fracture Energies
Fracture energies of different adhesive/pretreatment combinations were determined
using the Width Tapered Cantilever Beam (WTCB) arrangement. Samples were

punched from a 112mm wide strip of alumimum with the aid of a purpose built die and

a 100 ton press. A schematic diagram of the WTCB sample is illustrated in Figure 3.

The 25mm tab was bent using another specifically designed jig enabling the same tab
size to be reproduced on all of the samples.
The pretreatment method used for the WTCB samples was identical to the methods
used for the lap shear samples. The WTCB samples were bonded by simply applying
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the adhesive to one side of the sample using a spreader, then placing a folded pie

teflon coated paper over the rectangular area of the sample (illustrated by shaded

Figure 3.6) to provide a point of crack initiation. The other side of the sample w
brought into contact with the adhesive and the sample clamped together using two
'foldback' clips. Once cured the excess adhesive was removed using a linisher with
special care taken not to excessively heat the sample. The teflon coated paper was
placed between the sample halves to aid in the initiation of a sharp crack when a
was applied to the tabs.

Samples were tested in Mode I orientation using the Instron 4302 with a lkN load c

and a crosshead speed of lmm/min. A graph of load versus time was recorded using t

PC, while testing as is illustrated in Figure 5.12, and the fracture energy values
determined from the constant load region of the plot.

Compliance Calibration
The validity of the WTCB sample as a fracture mechanics sample was determined by

carrying out a number of compliance calibrations. These compliance calibrations we
carried out by testing samples in the Mode I orientation. The samples were loaded

until the load was constant with time, then the position of the crack tip was marke
the sample unloaded. The length of the crack was then determined by the use of a
travelling microscope with a graduated scale. The sample was then reloaded and the

process repeated to extend the crack further. This was carried out about 6-10 time
each sample. The compliance (C) was then calculated from the slope of the Load

versus Extension graphs, which were plotted for each of the load/unload cycles. The
values were then plotted against the corresponding crack area (A) values (derived
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the crack lengths) so a value for dC/dA could be determined and hence the values of
Fracture Energy calculated as described in Section 2.4.

76mm

40mm

25mm

I

0. l-0.2mm adhesive thickness

Figure 3.6 - Schematic of W T C B arrangement.

3.2.3 Fatigue Testing

Fatigue testing was carried out using a purpose built fatigue testing rig. The rig was
designed and built at the University of Wollongong by the author as a low frequency
fatigue tester. It is capable of testing up to 8 Lap shear samples at the one time at
frequency of 0.3Hz. Loads are applied to the samples via an arm which has weights
suspended from one end and an adapter suspended from the other. Samples are loaded
and unloaded by a cam that is driven via a motor and gearbox that contacts the arm
lifting the load on and off the sample.

The fatigue rig or 'Octopus' as it is more affectionately named, also has the ability
provide a salt spray environment similar to that of ASTMG85-85. Spray jets are

positioned in such a way as to direct spray at each sample. Due to the small size of t
chamber and the number of jets it was observed that after as little as 5 seconds of
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operation all samples were wet with salt spray. A diagrammatic view of the salt spray

chamber illustrating jet positions can be found in Appendix C. Low frequency fatigu
was chosen to allow the changes, which occur to the viscoelastic properties of the
adhesive upon exposure to a hostile environment, to have an impact on the fatigue

resistance of the joint. This change is not as likely to have as great an effect wi
cycle fatigue. The rig provides a sinusoidal wave pattern, loading the sample from
to some fixed maximum load. The maximum load that can be applied is 750N, hence

the reduction in overlap area compared to the ASTM standard was required to allow a

substantial stress to be applied to the sample. The maximum stress levels used in f
testing were between 5 MPa and 1.5 MPa.
The rig was interfaced via a Labview Data Acquisition Card and the appropriate
software to a PC which enables specific details about sample failure, such as

temperature at failure, time at failure and number of cycles to failure to be deter

Details of this software can be found in Appendix B. A photograph of the front pane
the software is illustrated in Figure 3.7.
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The loads used for each sample were determined using a load cell and specially

written Labview software. A photograph of the load cell together with the mounting j
which allowed it to be placed in the lap shear sample holders can be seen in Figure

Details relating to the specific design of the fatigue rig are available in Appendix
details of the load calibration software can be found in Appendix D.

Figure 3.8 - Photograph of load cell and jig designed for determining loads applied in
fatigue rig.
Lap Shear Fatigue
The Lap shear samples used for fatigue strength studies were pretreated, bonded and
the excess adhesive removed in the same manner as those used in the static shear
strength tests. The FPL and jAlkaline samples were pretreated at the designated
temperature for 15 minutes and the FES and Acid samples were pretreated for 5
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minutes. The samples were loaded into the rig by use of the hole that had been drill
the end of each half of the sample to aid in pretreatment and drying stages. It was

therefore necessary to ensure that the holes drilled in samples used in fatigue tes

centered to eliminate off-axis forces. Prior to the commencement of the test the sa

were sprayed with the salt solution for a period of one hour to allow equilibration
samples.

Figure 3.9a - Photograph shows the arrangement of lap shear samples within the fatigue
rigWTCB Fatigue

WTCB samples were also tested in the fatigue rig (Figure 3.9b) in an effort to obtai

measurements of crack speed as a function of load. Samples used for these studies we

pretreated using the same temperatures and times as the lap shear fatigue samples so
that results could be compared.
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Samples were loaded into the fatigue rig using specially designed sample holders that

were adapted to fit into the holders used for testing the lap shear samples. These h

allowed the WTCB samples to be fixed securely in the rig whilst still maintaining som
degree of movement within the arms of the fatigue rig

In an effort to obtain accurate crack length data, two different techniques were trie

with only one being successful. Due to the use of the salt spray environment, resisti
grid and travelling microscope techniques, which have been recorded in the
literature100'111, were not applicable.

Figure 3.9b - Photograph shows the arrangement of the W T C B sample within the
fatigue rig.
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The first method involved the use of an LVDT (Linear Variable Differential

Transformer) which was connected to the sample using two stainless steel arms wh
extended from the LVDT, one fixed to the body and the other attached to the core
which runs through the centre of the LVDT. The LVDT was attached to the frame of

the 'Octopus' and the arms extended in through the polycarbonate cover of the sal

spray chamber. This ensured that the transducer wasn't exposed to the salt spray
main problem associated with this method is that as the sample is fatigued the

transducer arms also get fatigued and begin to jam as the friction in the sleeve

greater due to wear particulate buildups. This problem occurred even on dry test

was expected that the situation would only worsen when salt spray was involved h
an alternative technique was sought.

The second method involved the construction of a clip gauge designed specificall

the test. Special adaptor arms were also designed to couple the sample and the ga
the holders, which were used for the lap shear fatigue testing. Figure 3.10 is a

photograph of a WTCB sample with the adaptor arms and the clip gauge in place. In

order to attach the adaptor arms to the WTCB sample two holes were drilled in th
rectangular strip before it was bent. These holes were then threaded using a 3mm

and stainless steel screws used to attach the alumimum adaptor arms. A purpose bu

jig was designed so that holes could be drilled in the exact same position in ea

samples to ensure that all the samples were held in the same position and that a
loaded as close to 100% Mode I as possible.

The clip gauge was built by first making a spring element out of a titanium allo
had a good spring constant. The alloy selected had the composition 13%V, 1 l%Cr

3% Al, was in the annealed form and was 1.8mm thick. A section of material 3.5mm

wide and ~ 120mm long was guillotined from the plate and cold formed into the de
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circular shape. The flat surfaces of the spring element were then polished using si

carbide paper and cleaned using an alkaline cleaner and a surface neutraliser. Fou
Q strain gauges, 2mm wide by 6mm in length were then attached to the spring element
using M-Bond 610 adhesive in the arrangement shown in the photograph in Figure 3.11
and oven cured at 80°C for 1 hour. The gauges were then wired up as is detailed in

Appendix E and the entire gauge coated in a latex film to waterproof all the elect
contracts.

Figure 3.10 - Photograph showing clip gauge attached to the W T C B sample via the
adaptor arms.
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The gauge was then calibrated by placing it in a specially designed micrometer

arrangement, illustrated in Figure 3.12, and recording the voltage output by the st
gauge amplifier as the micrometer was tightened in specific increments. A graph of
extension versus voltage was then plotted and the slope calculated. This value was
used in software, which was written to record the change in Crack Opening
Displacement (COD), with the number of cycles during fatigue testing. Due to the
constant compliance properties of the WTCB sample arrangement, as described in

Section 3.2.2, the change in values of COD were then used to accurately determine t
crack speed as illustrated in Figure 3.13

Strain gauges
Si i

i 8
•*OHE53

I M
"ir—

Latex coating

in^il

Titanium spring element

Figure 3.11 - Photograph illustrating the arrangement of strain gauges on the spring
element.

Significantly lower loads were used during the WTCB fatigue testing due to the lower
load required to fail the samples. The maximum load used was approximately 85N.
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Figure 3.12- Photograph illustrating the micrometer arrangement used to calibrate the
clip gauge.

Strain Gauges

Titanium Spring
Element

Figure 3.13 - Schematic illustration of the measurement of C O D of the W T C B sample
within the fatigue rig.

69

3.2.4 Adhesive Fracture Toughness Testing

A study was carried out to determine the effect of the salt-water environment on th

fracture toughness of the adhesive. This involved casting a series of dumbbell shap

blocks of adhesive, which were then cut into smaller size samples using a band saw.
These samples were then machined using a Bridgeport milling machine to
approximately equal size.
A pre-crack was then cut into the samples using a hack saw blade and a jig which

enabled pre-cracks of equal length to be made. A hole was drilled in each end of th
sample with the aid of a jig, which allowed holes to be made in all the samples in

similar position. A final pre-crack was made in the sample using a razor blade tap
technique as described by Xiao.112.

A custom jig was designed for testing the samples in the Instron and a photograph o

the jig assembled with a sample can be seen in Figure 3.14. The lkN load cell was u
with a crosshead speed of 0.5mm/min. The graph of loading versus time was recorded

for each sample to ensure that the relationship was linear and hence the results v
minimum of six samples of K106, Araldite 2015 and Epibond adhesives were tested

both in the dry state, and after immersion in a 5% NaCl solution at 50°C for a peri
ten days.
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Figure 3.14- Photograph illustrating the custom jig used forfracturetoughness testing
of the three different adhesives.
3.2.5 Roughness measurements using AFM
The atomic force microscope (AFM) was used to obtain information regarding the
degree of surface roughening and how it varies with pretreatment time for the four
etchants. To eliminate the effect of the varying 'as received' roughness, all of the
samples were polished prior to pretreatment using the Metalog method A as described
in Table 3.5. A Struers Abramin automatic polishing machine was used and the samples
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were held on the stainless steel platen using double-sided tape during the polishing
process.
Table 3.5 - Metalog method A
Step No.

Grind 1

Grind 2

Polish 1

Polish 2

Polish 3

Surface

SiC paper

DP-Pan

DP-Dur

DP-Mol

OP-Nap

Abrasive

SiC

DPSuspension

DPSuspension

DPSuspension

Colloidal
Silica

Grit size

#220

15um

6um

3 urn

-

Lubricant

Water

Blue

Blue

Red

-

Rpm

300

150

150

150

150

Force (N)

150

200

200

150

50

4

3

1

Time (min) Until plane 5

The platen was removed from the machine after each step and washed in soapy water,

with special attention paid to removing the material from between the sample

cotton wool. It was then placed in an ultrasonic bath for approximately 5 min

was also noted that fresh SiC paper was essential in obtaining a scratch fre

to previous contamination build up on the paper and in some situations even th

diamond pads had to be replaced due to prior contamination build up. Once th

was complete the samples were removed from the platen using a scalpel and if

care was taken the backing tape could be peeled from the aluminium leaving b

no residue. Samples were then rinsed in acetone, dried and placed in a desicc

ready for pretreating they were held using small 'foldback' clips and pretrea
described previously for the lap shear samples.

A sample for each of the five pretreatments was also treated in the "as receiv

condition for a period of 5 minutes for the purposes of a roughness study us
AFM. The measurements were conducted using a Nanoscope Ula scaning probe
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microscope (Digital Instruments) operated in contact A F M mode. Standard silicon
nitride probe tips were used with nominal tip geometry of 20-40 nm tip radius and 3

tip height. At least two individual areas were imaged both at 0° and 90° and the res
averaged to give the sample roughness. Prior to commencement of the imaging a

calibration procedure was carried out using a 10 urn calibration grid to ensure tha
microscope was calibrated in the x,y and z directions.

3.2.6 X-Ray Photoelectron Spectroscopy (X.P.S)
XPS studies were carried out on failed lap shear samples, which had been tested in

both the dry state, and after durability testing. The studies were carried out at DS
Aeronautical Research Laboratory, Airframes and Engines Division in Melbourne using
a Kratos XSAM 800 spectrometer using Mg Ka radiation and operated at a constant
pass energy of 20eV.
A number of pretreated samples were also examined prior to bonding at the BHP XPS
facility using a VG ESCAlab 2201 XL spectrometer. The samples were tested using an
Al Ka radiation source operated at a constant pass energy of 20 eV.

3.2.7 SEM/Optical Microscopy
The 'Stereoscan 440' scanning electron microscope was used to obtain micrographs
of the surfaces after pretreatment for their surface characterisation. The samples

pretreated for a period of five minutes then rinsed and allowed to air dry. Once dr

were cut to a suitable size (~10mm x 10mm) with special care taken not to contaminat
the surfaces to be examined. They were then bonded to aluminium stubs using

electrically conducting double-sided tape and a small amount of conductive silver p
was placed around the sample to ensure good conductivity to the stub. The samples
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were then sputter coated with gold to prevent charging using a 'Dynavac SC100M
magnetron sputter coater'. They were coated for 60 seconds at a current of
approximately 50 mA then removed and placed in a desiccator prior to examination
using the microscope.

3.2.8 U T M , T E M and Optical Microscopy

An investigation into the interaction of the adhesive with the aluminium oxide laye
was carried out by taking ultra-thin sections of the aluminium/adhesive/aluminium
interface with an ultramicrotome (UTM) and a diamond knife and then examining the
sections using the TEM (Transmission Electron Microscope). The samples were

prepared by taking lap shear size samples and pretreating them using the pre-descr
method, then bonding the entire length of the samples together. Once cured one end
the bonded sample was cut using a jewellers saw into smaller samples approximately
5mm high by 6mm wide by 10mm long. They were then roughly machined using
Silicon Carbide paper into a diamond shape and then finished into a point using a
jewellers file. A schematic illustration of the finished sample is illustrated in
3.15.

Aluminium

Adhesive

A
Ton View

Direction of
cutting

End View

Figure 3.15- Schematic of machined U M T sample ready for sectioning
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Cutting was performed using a Porter B l u m M T / 2 B ultramicrotome and a 3 m m
DiaTech™ Diamond knife without the use of water. A problem was encountered with
the thin sections rolling up as they were cut (analogous to that which occurs when
is thinly sliced). As a result the curled up sections were crushed using an eyelash

attached to a small stainless steel rod. The thin sections were then transferred to a
stabilised carbon formvar 200 mesh grid and imaged in the TEM at a voltage of 160kV
and a magnification of between 20,000 and 80,000 times.
The stub faces, from which the ultra thin sections were taken, were also examined
using a Leica optical microscope as a means of examining the degree of adhesive
penetration that had occurred between various combinations of pretreatment and
adhesive.
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4.0 RESULTS
4.1 Lap Shear Results

4.1.1 Effect of Pretreatment and Adhesive Type on Initial Strength and Durability

The lap shear test geometry was used to study the initial joint strength of the f

different pretreatments in combination with three different adhesives. Additional
shear tests were carried out to investigate the durability of different

pretreatment/adhesive combinations. The durability studies were conducted by test

the samples after they had been immersed in a 5% sodium chloride solution, at 50°
10 days. The lap shear geometry was also used to investigate the effect of the

alumimum alloy used on the initial joint strength and durability. Three different
were investigated with one pretreatment and one adhesive.
From Figure 4.1 a comparison can be made between the various pretreatments as a
function of both the adhesive used and the environmental conditions to which the
were exposed. All of the results shown were taken from samples that were solvent
wiped and then pretreated for a period of 5 minutes. For the immersion type

pretreatments (Fig. 4.1a-d) three batches of five samples were tested in both th

ambient and wet environment for the K106 adhesive, two batches for samples bonded

with the Araldite 2015 adhesive and one batch for samples bonded using the Epibon

adhesive. For the samples that received solvent wiping alone (Fig. 4.1e) two batc

were tested for the K106 adhesive and one batch for both the Araldite 2015 and th

Epibond adhesives. The error bars displayed for each of the results is an average
standard deviation taken from each batch of five samples.
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4.1.1.1 Initial Joint Strength
From Figure 4.1 it can be observed that for the etching-type pretreatments (FPL, FES,
and Acid) when exposed to a dry environment, the Epibond adhesive produces the

joints with the greatest initial strength. For the Acid and FPL pretreated substrates th
K106 provides slightly higher initial bond strength than the 2015 where as for the FES
pretreatment the strengths produced by these two adhesives are very similar. The non-

etching pretreatments (Alkaline and solvent wipe) illustrate a major deviation from this
trend with the 2015 adhesive producing the greatest strength joints for both
pretreatments. For the Alkaline pretreatment, both the K106 and the Epibond adhesives
produce joints that are approximately 20% lower in strength than those achieved when
bonded with the 2015 adhesive.
When considering the different strengths produced by the various pretreatments it can
be clearly seen by comparing the graphs in Figures la - e that the Acid pretreatment
(Figure la) generally produces joints with the greatest strengths. The FES pretreated
substrates (Figure Id) also produce joints with high initial strengths and show the
greatest consistency in strength among the different batches of samples for each
adhesive. Joints produced by the three other pretreatments (FPL, Alkaline and Solvent
wipe) do not exhibit any particular trends with different pretreatment/adhesive
combinations producing vastly different joint strengths. Both the Alkaline (Figure lb)
and Solvent Wipe (Figure le) pretreatments exhibit their highest strengths for the
Araldite 2015 adhesive and there lowest strength for the Araldite K106 adhesive where
as the FPL (Figure lc) pretreated joints exhibit their highest strength for the joints
bonded using the Epibond adhesive
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4.1.1.2 Durability
Once exposed to an aqueous Sodium Chloride environment at an elevated
temperature the Araldite 2015 adhesive yields the joints with the greatest strength

retention for all pretreatments. For all four of the immersion pretreatments the Epibo

shows a slightly better strength retention after exposure than the K106. It is of inte
though that the strength retention provided by the K106 and Epibond adhesives and the
various pretreatments show similar trends.
The maximum decrease in strength after exposure shown by any of the pretreatments

is 20% except for the FPL pretreated joints which show poor durability performance for
all three adhesives, although, the best durability behaviour for the FPL pretreatment
demonstrated by the Araldite 2015. The Acid pretreatment yielded the greatest degree
of retention for the Epibond with statistically no difference between the ambient lap

shear strength, and that obtained after environmental exposure. For the Solvent Wiped,
FES and Alkaline pretreatments, the samples bonded with the Epibond adhesive show
approximately a 50% decrease in strength. The environmental exposure results for all

samples bonded using the K106 adhesive show a fair degree of scatter, with the average
strength for the Acid, Alkaline and FES pretreatments being approximately 50% of the
dry strength. As with the Epibond the durability of FPL samples bonded with K106 is
very poor, as is the durability performance of the Solvent wiped samples bonded with
the K106.
4.1.1.3 Summary

An interesting observation is that for almost all of the results reported, the initial
strength value has a significantly smaller degree of error in comparison with the
durability
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Figure 4.1 - Lap Shear results for various Pretreatment / Adhesive combinations tested
in both an ambient ('dry') environment and after immersion in a 5 % NaCl solution for
lOdays at 50 degrees Celsius ('wet').

a) Acid pretreatment

b) Alkaline pretreatment (Alk)
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Figure 4. l(con't) - Lap Shear results for various Pretreatment / Adhesive combinations
tested in both an ambient ('dry') environment and after immersion in a 5 % NaCl
solution for lOdays at 50 degrees Celsius ('wet').

c) FPL pretreatment

d) F E S pretreatment
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e)
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Figure 4. l(con't) - Lap Shear results for various Pretreatment / Adhesive combinations
tested in both an ambient ('dry') environment and after immersion in a 5 % NaCl
solution for lOdays at 50 degrees Celsius ('wet').

e) Solvent Wipe pretreatment ( S W )
results. Also, there are statistically no differences in results obtained from samples
tested from different batches

Overall the Epibond adhesive yielded the joints with the greatest strength, where as th

Araldite 2015 produced the joints with the greatest strength retention after exposure t
the hostile sodium chloride solution. The acid pretreatment produced the highest joint
strengths and best durability followed by Alkaline, FES, FPL and solvent wipe in
decreasing order of effectiveness.
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4.1.2 Effect of Pretreatment time on Initial strength and Durability

Figure 4.2 illustrates the change in both the initial strength and the durability of l

shear joints that were pretreated for different lengths of time. All of the samples we
bonded using the K106 adhesive and the durability studies were conducted in the same
way as those for the various pretreatment/adhesive combination studies illustrated in
Figure 4.1.

Figure 4.2 (a) illustrates the results obtained for the Acid pretreatment. The results

represented for the zero pretreatment time are for those samples which received solven
wiping (SW) as their only means of pretreatment. The Acid samples were pretreated for
15, 30 and 60 seconds and 2.5 and 5 minutes due to the very aggressive nature of this

particular etchant. The results illustrate that the initial lap shear strength decreas
when the samples are pretreated for a period of 15 seconds compared with the solvent
wiped sample. The strength then steadily increases from a value of -12.5 MPa for the
30 second pretreatment, which is approximately 0.5 MPa higher than the SW, to a
maximum of- 19MPa with a pretreatment time of 5 minutes. All of the results for the

durability studies show a significant increase in strength after immersion compared wi
the SW sample. A pretreatment time of 5 minutes gave an approximate 10 fold higher
retention over the SW sample. The samples pretreated for 15 and 30 seconds show poor

durability with a decrease in strength of 70% and 55%, respectively. Samples pretreate
for more than 1 minute exhibit a drop in strength of only around 10%.
Figure 4.2 (b) shows the results obtained for the alkaline pretreatment for immersion
times of up to 15 minutes. Identical conditions were used for the FPL and FES

pretreatments with immersion times of 1, 2.5, 5, 10 and 15 minutes. The results for th
particular pretreatment are relatively insensitive to the pretreatment time (within
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experimental error). The initial lap shear strength of all alkaline pretreated samples wa
equivalent to the Solvent Wiped sample. However, the durability of the alkaline

pretreated samples (~ 50% strength loss) was substantially better than the Solvent wiped
sample (~ 90% strength loss) .

Figure 4.2 (c) illustrates the results obtained for the FPL pretreatment. Once again the

initial strength varies little with pretreatment time and is not significantly different
the Solvent wiped sample. The durability of FPL treated samples is very poor: - 90%
strength loss was recorded for these samples, regardless of treatment time.
The samples pretreated using the FES solution (Figure 4.2 (d)) show a slight increase
in initial strength when compared with the SW for the 5, 10 and 15 minute

pretreatments. There is also a significant improvement in the durability results for all
the pretreatment times particularly the 5, 10 and 15 minute pretreatment times. The
durability of FES treated samples and its dependence on treatment times is almost
identical to the Acid pretreatment. It is interesting to note that for the FES and Acid

pretreatments, the samples treated for long times (5, 10, 15 mins) have failure stresses
after immersion which are almost equal to the values obtained from the samples tested
dry.
As with the pretreatment/adhesive studies, it may be noted that the spread of results
for the environmental degradation studies are significantly more dispersed than those
for the samples tested for initial joint strength.
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Figure 4.2 - Effect of Pretreatment time on Initial strength and Durability
a) Acid pretreatment

b) Alkaline pretreatment (Alk)
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4.1.3 Effect of Alloy type on Initial strength and Durability
Figure 4.3 illustrates the initial joint strength and durability results for the three
different aluminium alloys studied. All alloys were pretreated using the FES
pretreatment for 15 minutes and bonded using K106. The graph illustrates that the
5083 alloy produces the highest initial bond strength - approximately 15% greater than

that of the 5005 which has the lowest initial strength. There was no statistical differ
between the initial lap shear strength and the lap shear strength after immersion in
warm sodium chloride solution for any of the alloys. This result is identical to those
reported in Section 4.1.2 for the FES pretreatment time of 15 minutes.

co

a.
OO

c/>
CD

CO

5005 - Dry

5005 - Wet

5251 - Dry 5251 - Wet

5083 - Dry 5083 - Wet

Alloy/Environment

Figure 4.3 - Effect of Alloy composition on Initial strength and Durability.
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4.1.4 Effect of Adhesive age on Initial strength
Four different batches of adhesive were tested to determine if there was any

significant difference in the strength of the joints produced between the various batch

The results of this study are illustrated by the graph in Figure 4.4. It can be clearly
from the graph that the 'crystallised' adhesive gave the lowest strength even when the
pretreatment time was increased from 2.5 minutes to 15 minutes. After the adhesive
was redissolved by placing it in an oven at 60 degrees Celsius for one hour (as
recommended by the manufacturers) there was a strength increase of about 30% but this

was still slightly less than the strength obtained using the two "fresh" adhesives. The
strengths of joints produced by the 'new' adhesives were approximately the same,
although there was a slight difference for the 15 minute pretreatment time.

No studies were carried out into the effect of a hostile environment on the strength of
joints produced by the different adhesive batches.
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Figure 4.4 - Effect of Adhesive Batch on the Initial strength of F E S pretreated 5083.
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4.2 Compliance calibration of W T C B sample
To use the WTCB geometry for determining the fracture toughness values of the

various pretreatment/adhesive combinations and for the fatigue studies, the validity o
the WTCB sample had to be checked to confirm the 'constant compliance' nature of

this specimen. To make this verification a compliance calibration was carried out usin
5083 aluminium alloy bonded in both the solvent wiped and FPL pretreated state. All of
the compliance samples were bonded using the K106 adhesive.

The results were then plotted as compliance versus crack area, as illustrated in Figure

4.5. It has been shown in the literature92 that the fracture energy Gc will be proporti
to the square of the force required for crack propagation when the rate of change of

compliance with crack area is constant. When the experimental results (pink points) ar
compared with the theoretical results (black points in Figure 4.5), it appears the
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Figure 4.5 - Calibration plot for W T C B samples.
compliance is proportional to crack area for this particular substrate/adhesive
arrangement. Due to the existence of this proportionality and with the use of simple
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calculations from the measurement of dCOD/dN obtained from the clip gauge/fatigue

rig data, calculations can be made to determine da/dN. It can thus be concluded that t

sample arrangement allows stable crack growth in brittle materials to occur and allows

calculation of fracture energy to be calculated from an applied load using Equation 13
where P is the load and E, h, a and b are all constants. It also means that with
application of a fixed load the rate at which crack growth occurs can be determined.
Hence it has been determined that this particular sample arrangement is valid for use
a fracture mechanics test.

G =

< -w{-b)
(13)

4.3 Fracture energy values for various Pretreatment/Adhesive combinations
Figure 4.6 illustrates the values obtained for Gc for both the FPL and FES
pretreatments used in combination with the K106 and the Epibond adhesives. The FPL
samples were pretreated for a period of 15 minutes and the FES samples were
pretreated for 5 minutes. The 'wet' samples were tested for durability using the same

aging technique as applied to the lap shear samples, ie 5% NaCl solution at 50°C for 1
days.
The results showed some differences between the two adhesives. The samples bonded
using the Epibond adhesive and tested under dry conditions yielded values of Gc
significantly greater than those values obtained for the K106 adhesive for the same
pretreatment. However, once exposed to the sodium chloride solution, the trends were
reversed and the K106 adhesive yielded the highest values of fracture toughness. This
was most notable with the FPL pretreated samples. Most of the samples appeared to
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have a significant degree of variability but the Epibond samples varied a greater amount
than those bonded using the K106.
Statistically there is very little difference between the values obtained for the two
pretreatments when using either the K106 or the Epibond. The only exception is in the
values obtained for the FPL/K106 samples after exposure to the hostile environment. As
mentioned previously, after immersion the FPL/K106 samples actually increased in

toughness (in great contrast to the lap shear results), whereas all other systems showed
either no change or a slight decrease.
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Figure 4.6 - Figure illustrates the change in fracture toughness (G c ) of various
pretreatment /adhesive combinations tested shortly after preparation ('dry') and after
immersion ('wet').
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4.4 Fatigue Testing
4.4.1 Lap Shear Fatigue results
Figure 4.7 shows the fatigue results obtained for two batches of samples pretreated
using the FPL pretreatment and bonded using K106. One batch of samples was tested in
the dry and the other under salt spray conditions. The test was conducted to

approximately 1.6 million cycles. The results clearly show that the aggressive effects o
the salt spray compared to ambient conditions. For a given maximum applied fatigue
load, the fatigue lifetime is approximately 10 times lower in salt spray than in a

relatively dry environment. Another important result from this study is that the ultimat

fatigue lifetime of these joints can be limited by the fatigue life of the substrate. Fi
4.8 shows that failure occurred in the substrate for the sample tested at the lowest
maximum load in a dry environment. It should be noted though, that a small notch in
the aluminium was probably the initiator of this failure. However, the result still

demonstrates that the joint failure strength approaches that of the substrate, especiall
around points of stress concentration.
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Figure 4.7 - S-N curve for F P L pretreated aluminium treated in both a dry and a salt
spray environment to in excess of 1.6 million cycles.

Figure 4.8 - Photograph of failed F P L pretreated fatigue sample tested to approximately
1.6 million cycles. Note the failure of the substrate rather than the bond.

92

Figure 4.9 illustrates the fatigue results in the form of an S-N plot obtained for 4
different batches of lap shear samples tested in the Fatigue Rig. Three different
pretreatments were used, and three of the batches were tested in a salt spray
environment and the fourth in an ambient environment (15 to 30°C and 50 -80%
relative humidity). Those tested in a salt spray environment were pretreated using
solvent wiping alone, the FES pretreatment for 5 minutes and the alkaline and FPL
pretreatments for 15 minutes. The batch tested in the dry environment was pretreated
using solvent wiping, and acted as the control. The samples were made using 1.6mm,
5005 grade aluminium.
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Figure 4.9 - S-N curve for various pretreatments tested both ambient ('dry') and under
salt spray (ss) conditions.

Each batch consisted of eight samples, all bonded using the K 1 0 6 adhesive, and in this
particular study the samples were tested to a maximum of 100,000 cycles.

From the results in Figure 4.9 it can be clearly seen that the once again the salt spray

has a very detrimental effect on the fatigue life of the adhesive bond. This is particu
visible at the higher loads for the Solvent wiped samples where the lifetime is reduced
up to 70 times.
It can also be observed that the FPL pretreatment has no effect on improving the
fatigue life under salt spray conditions with the results indistinguishable from those
obtained using the Solvent wipe pretreatment. The alkaline pretreatment though, shows
a marked improvement over both the FPL and Solvent wipe pretreatment under salt

spray conditions, particularly at lower loads. For the Alkaline pretreatment four sample
had not failed after 100000 cycles which equates to a 1000 fold improvement over the
Solvent wipe and FPL pretreated samples.
In another study the FES pretreated samples had not registered any failures after
230,000 cycles, even at the highest loads that could be applied with the Fatigue Rig.

4.4.2 WTCB fatigue results
As has been described in Section 2.4 the use of fracture mechanics is ideally suited to
studying the effect of fatigue on adhesively bonded joints. It may also be possible to
obtain data in a relatively short period of time that can give an indication of the
behaviour of a particular system under normal service fatigue conditions.
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The WTCB test specimen has been used to obtain the values of crack growth rate per
cycle, da/dN, as a function of the maximum strain energy release rate, G^ applied. The

results for the FPL pretreated samples are shown in Figure 4.10a. The FPL samples were
pretreated for 15 minutes and bonded using either the K106 or Epibond adhesive. Both
these pretreatment/adhesive combinations were tested 'dry' but only samples bonded
using the K106 were tested under the salt spray conditions.
The results show moderate differences between the two adhesives used, particularly
for the Epibond adhesive. For both the FPL (Fig 4.10a) and the FES (Fig 4.10b)
pretreatments the K106 gave higher crack speeds than the Epibond for a given Gmax.
When exposed to a hostile environment such as a salt spray environment, it is quite
evident from Fig 4.10a that the crack growth rate increases -100 times for all values

Gmax. This is in agreement with the Lap Shear fatigue tests that showed shorter fatigu
times (ie higher crack growth rates) in salt spray compared to ambient testing.
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4.5 Fracture toughness of Adhesives
For most of the experimental work three different adhesives have been used: one is an
unfilled two-part epoxy (kl06) and the other two are two-part rubber toughened
(Epibond and 2015). All yield different experimental results under different

environmental conditions and hence it was proposed that a significant difference might

exist in the fracture toughness values for each of the adhesives both in the dry state

after immersion. Testing was carried out to investigate this and the results of the te
are illustrated in the graph in Figure 4.11.
The results show that the Epibond adhesive has approximately double the fracture
toughness, KjC, value of both the other adhesives, with the K106 having a slightly
higher value than the 2015. When tested after immersion however, the KTc value for
K106 drops by approximately 75%. Comparatively the 2015 only show approximately
a 25%
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Figure 4.11 - K ^ values for 3 different adhesives tested both dry and after immersion in
a 5 % NaCl solution for 10 days at 50 degrees Celcius.
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reduction and the Epibond approximately a 5 5 % reduction. A n interesting comparison

is that the value obtained from the Epibond, when tested after immersion is still onl
slightly lower than the values obtained for the other two adhesives tested before
immersion due to its increased initial value over that of the other two adhesives.

4.6 S E M Characterisation
The Scanning Electron Microscope (SEM) was used to obtain images of the surfaces
after 5 minutes pretreatment. Figures 4.12 to 4.16 show micrographs of the aluminium
oxide surfaces produced using the five pretreatment methods described previously.

Figure 4.12 - This micrograph shows the solvent wiped surface of a sample of 5083
alloy at a magnification of 100X.

The rolling direction of the sheet is clearly visible in the micrograph in Figure 4.

a solvent wiped sample of 5083 alumimum. The surface also contains a large number of
small cracks that appear to run perpendicular to the rolling direction.
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a)

b)

Figure 4.13 - The two micrographs above are of an FPL pretreated surface. The
magnifications are: (a) 100X and (b) 1500X
The low magnification micrograph of the FPL treated material (Fig 4.13a) shows

clearly the rolling direction of the sheet. A large number of very small etch pits ca

seen in the surface amongst some larger pits or voids. There is also a small amount of
particulate matter present on the surface. The higher magnification micrograph,(Fig
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4.13b) shows more clearly the small pits which were barely visible in the low
magnification image. A number of the pits appear to be joined by small cracks in the
surface of the oxide.
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Figure 4.14 - The two micrographs above are of an F E S pretreated surface. The
magnifications are: (a) 100X and (b) 1500X
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The 100X micrograph for the F E S pretreated sample (Fig 4.14a) shows a large number

of small islands, which appear to be the areas most heavily attacked by the etchant

number of areas between the islands exist where it is quite evident that the etchan
begun to attack the surface of the aluminium.
a)

b)

Figure 4.15 - The two micrographs above are of an Acid pretreated surface. The
magnifications are: (a) 100X and (b) 1500X

101

The 1500X micrograph (Fig 4.14b) reveals that the entire surface is effected by the
etchant but it appears some areas are attacked more aggressively than others.
The morphology produced by the Acid etchant is the roughest of the pretreatments, as
shown by the micrographs in Fig 4.15, and after 5 minutes etching there appears to be
no evidence remaining of the pre-existing surface. There are though some areas which

appear to be darker than others in the 100X micrograph (Fig 4.15a) and it is possible

that these areas were the last to be attacked. At a higher magnification the morpholog
is quite sharp and the edges are angular in some regions, but globule like in other
regions.
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a)

b)

Figure 4.16 - The two micrographs above are of an Alkaline pretreated surface. The
magnifications are: (a) 100X and (b) 1500X
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The alkaline pretreatment appears to have little effect on the surface of the preexisting alumimum (Fig 4.16). The low magnification micrograph clearly shows the
direction of rolling as well as a number of other small markings. At higher
magnification the amount of detail which can be seen changes, with circular regions
developing around inclusions or irregularities in the surface. There also appears to
quite an amount of dust present on the top of the sample.

4.7 Surface roughness and AFM
4.7.1 Roughness Analysis using the AFM
The formation of an adhesive bond and the strength and durability of that bond are
determined by two primary factors as has been reported in section 2.1. These are
mechanical bonding for which surface roughness is of importance, and chemical
bonding, which for aluminium, secondary bonding is of the greatest importance due to

the oxide layer present on the surface of the material. With these factors taken into
consideration a study was set forth to determine how the surface roughness of the
alumimum changes with pretreatment time in a number of the pretreatment solutions.

Two of the solutions where studied in detail, these were the FPL and FES pretreatment
The Atomic Force Microscope (AFM) has the ability to determine relative surface
roughness values by comparing the calculated surface area with the observed surface

area. That is, comparing the area, taking into consideration the spikes and pits whic
are produced when a surface is roughened, with the relative area of the scan. The
resultant calculation is given in the form of 'Image Surface Area Difference' and is
reported as a percentage.
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Figures 4.17 and 4.18 are images of the raw results obtained using the Roughness

Analysis software on the AFM. The scan on the left of the figures is a topographic vi

of the surface being imaged and the information on the right is the roughness analysi
calculations. The calculated Image Surface Area Difference is recorded as the last
measurement in the 'Image Statistics' box.
Figure 4.17 shows the images taken on 5083 alloy pretreated using the FES etchant
for 5 minutes and analysed using scan sizes of lOOum2 and 2500um2. It can be seen

from the scan that the surface consists of an oxide morphology of many irregular shap

pits, varying in size up to -30 urn in 'diameter'. The images are similar in appearan
to the SEM images found in Figure 4.14.
Figure 4.18 shows the images taken on 5083 alloy pretreated for 5 minutes using the
FPL etchant for 5 minutes and analysed using scan sizes of lOOum2 and 2500jj.m2. The
scans show the typical 'etch pit' morphology produced by the FPL etchant. There also
appears to be some large cracks running through the oxide in a random manner.
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Figure 4.17- Roughness analysis of a sample of 5083 aluminium which was pretreated
using the FES pretreatment for a period of 5 minutes and then imaged at scan sizes of:
(a) lOOum 2 and (b) 2500u.m2.
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Figure 4.18 - Roughness analysis of a sample of 5083 aluminium which was pretreated
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sizes. The values were taken as an average of two measurements for each pretreatment

time. For low etch times of 1 to 2.5 minutes there appears to be very little differe

the roughness achieved by the different pretreatments. The values though, obtained f

the 100 micron square area are larger than those obtained for the 2500 micron square

area and this trend is repeated throughout all of the etch times. At etch times of 5
minutes and above a difference begins to become more evident with the FPL generally
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Figure 4.19- Illustrates roughness as a function of area for both the F P L and F E S
pretreatments as a function of pretreatment time.

appearing to produce a rougher surface. No values for a 15 minute etch time could be
determined for the FPL pretreatment as the surface was too rough to image even when
using tapping m o d e A F M .
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4.7.3 Effect of Pretreatment on Roughness

From the graph in Figure 4.19 it is clear that as etch time is increased the roughness
the surface also increases. A three dimensional image of the surface obtained using
AFM provides information on the type of roughness produced by the pretreatments.
Figures 4.20 and 4.21 are 3-D images of surfaces produced by the FES and FPL
pretreatments for an etch time of 5 minutes. The images show the same oxide

morphologies as the 2-D images but it is much easier to see the etch pits in the three
dimensional view and hence, enable one to conceive how mechanical interlocking of
two of these surfaces bonded using an adhesive may occur. Figure 4.20 shows the

surface produce by the FPL pretreatment which is characterized by distinct etch pits

vary quite extensively in depth and diameter. The sharp spikes which are present on th
image are in fact artifacts which are generally caused by some particulate matter
becoming attached to the SiN tip. Figure 4.21 shows the more uniform etch provided by
the FES pretreatment and the many small asperities resulting from the etchant. The

surface is also characterized by a series of valleys and ridges (stripes) running pa

to one another which are believed to be remnants of the mill finish present on the "as
received"
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Figure 4.20 - 3-D A F M images of FPL pretreated Alumimum treated for 5 mins.
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Figure 4.21 - 3-D A F M images of FES pretreated Alumimum treated for 5 mins.
4.8 X P S Analysis
4.8.1 XPS Analysis of Failed samples
XPS results obtained from the surfaces of a number of failed samples are shown
Table 4.1. T w o scans were conducted for each of the failed samples, one on each side
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hence the results represent four samples in total. Figure 4.22 illustrates the main
elemental results in a graphical form to allow easier analysis.

Table 4.1 - XPS results for failed surfaces of both FES and FPL samples, some of
which were exposed to a 5 % NaCl solution prior to failure.

Sample

%0

%N

%C

%Si

%CI

%AI

FPL/EPI - metal surface

29.99

11.21

46.14

2.74

—

9.92

FPL/EPI - adhesive surface

19.22

9.04

67.93

1.26

—

2.55

FPL/EPI imm - metal surface

15.75

15.1

65.16

1.32

—

2.7

FPL/EPI imm - adhesive surface

15.92

8.03

74.13

0.52

—

1.4

FES/K106l-Side1

31.21

4.11

55.21

—

9.46

FES/K106l-Side2

29.25

4.58

56.46

—

9.69

FPL/K106 - metal surface

57.49

1.94

28.24

1.72

FPL/K106 - adhesive surface

29.5

3.83

57.23

1.16

0.52
—

10.09
8.28

The first two results are for a F P L pretreated sample bonded using Epibond, which
had been tested to failure under ambient conditions. The second scan on the 'adhesive
surface' shows a reduction in the presence of all elements except Carbon which shows a
45% increase. The largest decrease occurred for aluminium and was approximately a
75% decrease. These results suggest that failure occurred at the interface between the
oxide and the adhesive with a significant amount of adhesive remaining on the metal
surface.
The next two results are for the scans conducted on FPL pretreated substrates bonded
using the Epibond adhesive and analysed after failure, which was influenced by the
warm aqueous NaCl environment (immersion). The results for both the 'adhesive
surface' and the 'metal surface' are very similar with relatively low values for oxygen
and aluminium but high values for carbon. In this case failure has occurred cohesively
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through the adhesive which may have suffered a reduction in its fracture toughness d
to plastisisation resulting from moisture ingressing into the adhesive.

The results of both scans on the FES/K106 sample tested after exposure to an ambient

environment prior to testing show a maximum difference of only 7% between any of the

values. They were also the only scans that showed an absence of Silicon. Hence failu
had occurred cohesively within the adhesive.
The failed surfaces of the FPL pretreated substrates bonded using the K106 adhesive
and exposed only to an ambient environment, produced substantially different scans
from each side. The scan taken on the 'metal surface' had high concentrations of
aluminium and oxygen and was the only scan of the eight carried out to show any
presence of chlorine on the surface, where as the 'adhesive' surface had a large
concentration of carbon present on the surface. In this case it is anticipated that
has occurred between the aluminium oxide and the adhesive.

112

F P U K 1 0 6 - Dry
Metal Surface

C

CD
O
L_

CD

a.

E
o

Adhesive Surface

Figure 4.22 - Graph illustrates the X P S elemental analysis of four different failure
surfaces.
4.8.2. X P S Analysis of Pretreated Substrates
Figure 4.23 illustrate the results of X P S scans conducted on surfaces, which had been
pretreated using the FES and FPL pretreatments for 5 minutes. The results show a

significant difference between the Aluminium and Oxygen contents of the surfaces. The
FPL surface has approximately 10% more Oxygen and half the Aluminium content of
the F E S surface.
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Figure 4.23 - Graph illustrates the X P S elemental analysis of aluminium substrates
pretreated using the F P L and F E S etchants.

4.9 U T M

and T E M Results

The ultramicrotome was used to take ultra-thin sections of the adhesive/substrate
interface. The thin sections were then examined in the TEM as described in section
3.2.8. Figure 4.24 shows a micrograph of the interface of a FES pretreated substrate
bonded using Epibond.

Figure 4.24 - T E M micrograph of the substrate/adhesive interface for a FES/Epibond
thin section mounted on Carbon stabilised formvar and imaged at 2O,000X. The letters
correspond to the areas from which the diffraction micrographs in Fig 4.25 were taken.
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The micrograph clearly shows the adhesive characterised by the spherical rubber

particles and the substrate with a thin oxide layer present over the surface that con
the adhesive. X-Ray diffraction was also used to ensure that these observations were
correct, the results of which are shown in Figure 4.25
(a)

(b)

Figure 4.25 - X-Ray Diffraction micrographs taken from U T M thin section showing (a)
polymer adhesive and (b) oxide
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Figure 4.25(c) - X-Ray Diffraction micrographs taken from U T M thin section showing
aluminium
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4.10 Incat Studies
The Incat Shipbuilding Company based in Tasmania is one of the biggest of its kind

in Australia. Incat were contacted during the coarse of the project to determine area
within the construction of vessels that would benefit from adhesive bonding. During
negotiations some samples of deck material ( a prime candidate for adhesive bonding)
were obtained, bonded and tested to determine the feasibility of adhesives for the

bonding of floor sections in these vessels. Figure 4.26 shows the results obtained fo
adhesive bonding compared to a welded section. The results indicate that the highest
value for any adhesively bonded section is approximately half that of the welded
section. This result was obtained using a Solvent Wiped substrate, bonded using
AV3131, a latent cure one part epoxy adhesive which was cured at 180°C for 1 hour.
The highest value recorded using a room temperature curing adhesive was obtained by
bonding with K106 on a FES pretreated section. The value obtained was only 8% lower
in strength than that obtained using the AV3131.

ro 3.0

9 2.5

SW/2016 SW7K138 SW/2010 SW/2013 SW/2012 SW/2014 SW72018 SW/AV3131 FPL/K106 FESK.106 Weioea

Pretreatment/Adhesive
Figure 4.26 - Results obtained for adhesively bonded and welded deck section from
Incat study
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5.0 DISCUSSION
The primary aim of this thesis was to assess chromate and non-chromate based
pretreatments to enhance the strength and durability of adhesively bonded marine-grade
aluminium. In addition, the mechanism for strength loss on exposure to salt water was

studied with particular reference to the role of the pretreatment. In the previous chap
it was shown that the durability of bonded aluminium joints exposed to salt water was

very sensitive to the type of pretreatment used and, to a lesser extent, on the type of

adhesive used. Furthermore, the initial lap shear strength was dependent on the type an
time of the pretreatment and also the adhesive used. The reasons for the effect of

pretreatment on strength and durability of bonded aluminium joints will be discussed in
this Chapter.
The second aim of this thesis was to elucidate the mechanism of fatigue failure of
bonded alumimum joints subjected to a salt spray environment. The results presented in

the previous chapter clearly show that the fatigue lifetime is significantly affected b
• test environment (ie salt spray)
• type of pretreatment used
• choice of adhesive.
The various reasons for these effects will also be discussed in this chapter.
The basis of the explanation for the joint strength and fatigue performance will be a
fracture mechanics approach, as used successfully by Kinloch. Thus, the fracture
mechanics tests will be compared with the lap shear tests to establish the degree of

correlation. Next the effects of adhesive type and pretreatment on the joint strength a

fatigue performance will be considered. Finally, the effects of a salt-water environmen
on joint durability will be discussed, especially with reference to the role of
pretreatment in determining durability and fatigue lifetime.
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5.1 Lap Shear Results
The lap shear test for adhesive bonds as described in ASTM D1002 is one of the most
commonly employed methods for investigating adhesive bonding and the many
variables associated. There are though several potential problems that must be

addressed when using single lap specimens. First, care must be taken to ensure that the
excess adhesive is entirely removed from the sides of the samples and the ends of the
lap region to prevent a sealing effect from occurring which in turn will yield a

substantially higher strength value after immersion. Secondly, the two samples must be

aligned and remain aligned during curing otherwise the joint may be subject to cleavag

(Mode I) forces during testing. Thirdly, care must be taken to ensure that all burrs ar
removed from the adherend prior to bonding to ensure that the stresses, which exist in
this particular geometry, are not further complicated.

One of the major criticisms of the lap shear geometry is that due to the eccentricity o
the joint the sample is in fact under some combination of both shear and normal stress
I 1 -5

and this combination changes as the adherend thickness is increased.

Figure 5.1a

shows a typical lap shear arrangement and the dotted line represents the loading line.
This offset is overcome by the ends of the adherends bending (Figure 5.1b) in an
attempt to become more linear, and hence changing the stress state. One way in which

this problem can be reduced is by placing tabs at each end of the adherend to which the
load is applied (Figure 5.1c). Although some bending of the ends still occurs, the
severity of which is dependent on the adhesive thickness, it is limited.
The lap shear geometry has been used throughout this project to evaluate various
aspects associated with the bonding of alumimum, including pretreatment of the
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aluminium, adhesive selection and effect of environment conditions. A s has been
explained previously in Section 2.1 two primary mechanisms contribute to intrinsic
adhesion, these being mechanical bonding and chemical bonding.
a)

b)

f

c)

t

r

If

N
N

I
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I

Figure 5.1 - The diagram shows the lap shear geometry at a) low loads of applied stress,
b) high loads of applied stress, and c) tabs inserted to linearise the load through the
sample.113

For mechanical bonding, or interlocking, surface roughness is of major importance

because it determines the amount of surface area to which the adhesive has to bond,6

and the degree to which interlocking of the surfaces can occur.5113"115 It has also be
reported that in some circumstances it m a y determine the amount of peel (or M o d e I
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loading) which occurs in a joint.116 Figure 5.2 illustrates this aspect by looking a
different levels of roughness and illustrating the degree of peel that can be expected and
hence h o w bond strength m a y be effected. Arrowsmith117 has detailed some results that
further support the theory of interlocking by relating the surface roughness of
electroplated copper with the level of adhesion. (Table 5.1) It should be also noted
though, that high bond strengths can be achieved, between smooth surfaces.9
Chemical bonding is the adhesion that results from the interaction between the
molecules of both the surface of the substrate, and within the adhesive. A number of
different forces can be responsible for this interaction depending upon the chemical
nature of the substrate and the adhesive. Forces such as electrostatic, dipole-dipole,
dipole-induced dipole, dispersion, hydrogen bonds and ionic forces m a y all be present.

Table 5.1 - Experimental results reported by Arrowsmith, relating the surface
roughness of electroplated copper to the level of practical adhesion.117

Surface topography of copper foil
Description

M e a n Peel load

Schematic

Flat

\\\\\\\\\\\\\\\\Z^.\\\\^^

0.258

Flat+0.3|ui dendrites

—j

0.262

Flat+0.3|iidendrites + oxide

" ^ ^ ^ yn-irr-*- „.,,, ******

3ru pyramids (high angle)

u_i

0.303
°- 3 8 6

AAAAAAA

pyramids (low angle) + yA y\ S\ 0.503
0.3u, dendrites
^
^^

2JLL

2\x pyramids (low angle) +
0.3u. dendrites + oxide
3n pyramids (high angle) +
0.2|i dendrites + oxide

S\
'

s\
\s

S\
V

AAAAAAA

0.606
\
°' 9 3 1

121

Although it is recognized that forces such as polar bonding and dispersive forces are
often referred to as secondary or physical bonds, they have been included under the
subgroup of 'chemical bonds' within the discussion for ease of explanation. The good
initial strength values that are achieved when bonding alumimum with epoxy adhesives
is due in part to the epoxy chemistry. Aliphatic hydroxyl and ether groups which are
present in the resin and hence the cured polymer have a high polarity. These polar
groups serve as sites for the formation of strong bonding attractions (eg hydrogen
bonds) between epoxy molecules and metal oxides.33 The epoxide group or oxirane ring
can also aid in metal/epoxy adhesion through the formation of chemical bonds with
active hydrogens on the metal surface.118
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Figure 5.2 - Schematic diagram illustrating h o w varying degrees of roughness m a y
contribute to varying degrees of interlocking, and h o w the peel component in a joint
m a y vary depending on the morphology.116
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5.2 Initial Joint Strength

It has been observed from the results in the previous chapter that the initial lap shea
strength is primarily dependent on both the pretreatment type and time and the type of
epoxy adhesive used. In the following section each pretreatment will be examined in an
effort to elucidate the mechanisms that produce these different joint strengths

Furthermore the degree of correlation between the initial joint strength and the fractu
energies of a number of the different pretreatment/adhesive combinations will be
examined.
It is unequivocal that both mechanisms of adhesion, mechanical and chemical, are
working together to form the bonds observed between the various adhesives and
pretreatments. It is though, proposed that the differences in initial joint strength
obtained by the five different pretreatments may be primarily attributed to the
morphology of the surface produced by the various pretreatments. The differing
morphologies coupled together with three different epoxies varying in both composition

and mix viscosity produce joints of differing strengths due to the ability of mechanica
interlocking to take place.
The main difference in the morphology produced by the various pretreatments is the
degree of roughness and the geometry of roughness produced. These differences are
best examined by looking at both SEM micrographs and AFM roughness analysis
results for the different pretreatments.

5.2.1 Lap Shear Strength vs Pretreatment type
To make a quantitative comparison between the morphologies produced by the

various pretreatments and the lap shear strengths achieved, all of the results discusse
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are from those samples that have been immersion pretreated for a period of five
minutes. To further simplify the comparisons, the lap shear results which where
reported in Figure 4.1 have been condensed into one graph (Figure 5.3) by taking
averages of those samples for which there were multiple values.
From Figure 5.3 it can be clearly seen that a trend exists for the strengths achieved
from the various pretreatments when using both the K106 and Epibond adhesives. The

Alkaline pretreated samples yield the lowest lap shear strengths, with a gradual incr

in strength for the Solvent wiped samples. A further increase in strength occurs for t
FPL pretreatment and an even greater for the FES pretreatment with the greatest
strength being achieved for the Acid pretreatment. The results for the Araldite 2015

adhesive divert from these trends and an explanation for this will be found in section
5.2.2.
Low magnification SEM micrographs (Figures 4.12-4.16) reveal that the increase in
surface roughness follows the same trend. Both the ALK and Solvent Wiped samples
appear to have relatively smooth pit-free surfaces containing only small furrows

associated with the finishing operations which occur in the production of the alumini

sheet. The FPL and FES pretreatments, on the other hand, contain these furrows but are
additionally characterised by many small pits that have formed in the surface during
etching process. The diameter of these pits is further increased from a maximum of

about 5|nm in the FPL, to average of lOOum in the surface of the FES pretreated sample
(Figures 5.7 and 5.8) with the furrows being almost non existent. The surface of the

Acid pretreated sample is clearly the roughest with none of the original surface feat

visible. It is anticipated that this is due to the extremely aggressive nature of the
etchant.
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The mechanism of etching by the acid pretreatment is illustrated in Figure 5.4. At an
early stage in the pretreatment the surface consisted of islands of relatively unetched
material (Figure 5.4).
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Figure 5.3 - Graph illustrating the stress required to cause failure of lap shear samples
prepared using the various pretreatments and bonded using three different epoxy
adhesives. The dots indicate the average quantity, as a percentage (right ordinate), of
interfacial failure that occurred with each prefreatment/adhesive combination.

Even after 30 seconds etch time there is very little of the original surface remaining,

but that which is present is in the form of islands (darker areas) separated by the etched
areas. As shown in Figure 4.15 the entire surface becomes etched using the acid
pretreatment for longer times (5 minutes). In comparison the SEM micrograph of the
FES pretreated sample in Figure 5.5 clearly shows a significantly larger area of 'as
received' material remaining even after etching for 10 minutes.
These qualitative observations are further supported in a quantitative manner by
examining the ,AFM roughness data for the samples pretreated in the 'as received'
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condition that can be found in Figure 4.19. These results indicate once again that the
roughness of the Alkaline and Solvent Wiped samples is the lowest, with a surface area
difference of about 3.7% and 2.5% respectively for a 100 jam2 scan. The surface area

difference for the Acid sample though, is closer to 40% indicating that there is possib
a 36% larger area to bond with when compared to the 'as received' (solvent wiped)
surface.

Plotting the surface area difference against the stress to failure as is seen in Figur

further elucidates this correlation. In both the K106 and the Epibond adhesively bonded
joints there is a definite increase in stress to failure with increasing roughness. It
hence proposed that the increase in roughness associated with the different
pretreatments is the primary reason for the increase in strength associated with the
pretreatments. A similar correlation has been made by Zhang and Spinks7 when they
correlated roughness with lap shear strength for FPL pretreated aluminium. They found

that as etch time was increased, the lap shear strength also increased proportionally t
the increase in fine scale roughness of the surface.
Although there is a degree of difference in the composition of the oxide formed

between the various pretreatments (Figure 4.23) it is proposed that these variations d
not strongly affect the strength of the joint when tested in an ambient or dry
atmosphere. The effect of such variations in surface composition when the joint has
been subjected to an aqueous sodium chloride environment will be detailed in Section
5.3.1.

Figure 5.4 - S E M micrograph of Acid pretreated surface etched for 30 seconds.

S^-k^^

Figure 5.5 - S E M micrograph of F E S pretreated surface etched for 10 minutes.
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It would be envisaged that the wetting ability of the surfaces would vary considerably,

particularly there would be a difference between the immersion pretreated samples an
the Solvent Wiped samples. This in fact does not appear to be the case, as the 'as
received' aluminium was only subject to an extremely small amount of particulate

soiling or fabricating oils and these were readily removed by the solvent wiping pro

5.2.2 Effect of Adhesive and Alloy

Section 5.2.1 has shown that the varying degree of strength produced by the different
pretreatments, is a result of the different pretreatments producing varying degrees
roughness and thus varying degrees of mechanical interlocking. Consideration of what
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happens w h e n an adhesive is applied to a roughened surface should provide some
insight as to why different adhesives yield different strengths and why the 2015
adhesive does not follow the trends displayed by the K106 and Epibond adhesive.
It is proposed that the viscosity of the adhesive used has a pronounced effect on the

joint strength produced on the pretreated alumimum substrates. This is likely due to the
varying degree of mechanical interlocking which can be obtained between the adhesive
and the substrate. Both the K106 and Epibond adhesives are supplied as batch style
adhesives and are mixed by hand after the correct quantities of harder and resin have
been weighed. Consequently, the viscosities are relatively low: 15.6 PaS and 40.95 PaS
for Epibond and K106 respectively. The 2015 adhesive on the other hand, is a cartridge
style adhesive in which the resin and hardener are mixed via a standard length static
mixer thus ensuring that the viscosity is always the same, providing temperature
fluctuations are kept to a minimum. A viscosity value for 2015 was not available,
however, it is estimated it is two to three times that of the K106 when discharged from
the end of the static mixer.
The question of whether the different adhesive viscosities leads to varying extents of
penetration of the adhesive into the surface pits (and thus leads differences in joint
strengths) has been examined. When FPL pretreated surfaces are bonded using the low
viscosity Epibond adhesive, the adhesive can penetrate more effectively into the very
small etch pits than the higher viscosity K106. This allows better mechanical
interlocking or 'keying', providing the joints with greater strength. Similarly the
Epibond can more effectively utilise the roughness produced by the FES and Acid
pretreatments. A similar argument has been formed regarding the use and effectiveness

of primers on pretreated aluminium surfaces. It is believed that the increase in streng
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attributed to these products stems from both their sealing ability and their ability to
penetrate into the pores of the oxide due to their reduced viscosity.119"121 The

relationship between pore size and increasing penetration ability has also been detaile
by Packham 115 for molten polyethylene bonding to a microporous substrate.
A recent paper by Zhang and Spinks7 measured the strength of joints produced on FPL
pretreated aluminium, which had been polished to lum prior to pretreatment. They
concluded that the areas between the pits remained essentially unchanged from its
polished state and hence the energy required to fracture the sample was the sum of the

energy required to fracture the polished regions and that required to fracture the pitt
regions. By plotting the fracture energy as a function of etched area they determined
that the energy required to fracture the etched region was approximately ten times

greater than the polished region. It would, thus, be expected that the strength produce

by the surfaces currently being investigated would be the sum of the 'as received' plus

that of the etched. However, this would only be true if the roughness produced could be

fully utilised by the adhesive. For Zhang and Spinks this was confirmed by checking the
roughness of the alumimum, with that of the adhesive (after first dissolving the

aluminium by a suitable etching process) using the .AFM. For the current results it can
only be assumed to be the case after determining via communications with the
manufacturer122 that the Epibond adhesive has a similar viscosity to that used by Zhang
and Spinks in their research. It is hence observed, (Figure 5.6) that the rougher the
surface provided by the pretreatment, the higher the strength, with the Epibond
providing both greater strengths and larger differences between strengths for various

pretreatments due to its improved ability to penetrate and utilise the micropores. It i
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also expected that some improvement would result from the fact that the Epibond is a
rubber toughened adhesive.
This observed improvement in strength with increasing surface roughness is further
supported by the mode of failure data that is displayed in Figure 5.3. A failure that

occurs in the body of the adhesive is known as "cohesive" failure and one that occurs a
the metal-adhesive or metal oxide-adhesive interface is termed "interfacial". In an
interfacial failure, examination of the fracture surfaces shows complementary areas
having different appearances. Areas on one adherend may have a metallic appearance
where as those on the other may have an epoxy resin appearance. When a bond fails
cohesively the surfaces of the adherends both have the appearance of the epoxy resin.
Throughout the experimental work in this report, values were estimated from
macroscopic observation of the surface and quantitatively display the degree of

interfacial failure between the various pretreatment/adhesive combinations. The result
clearly show that as the surface becomes rougher and as the degree of adhesive

penetration increases, the amount of interfacial failure decreases. Once again the resu

for the Araldite 2015 divert from these trends to some extent but an explanation will b
provided shortly.

The question then arises as to why there is a difference in the trends observed for the
failure strengths provided by the K106 and Epibond adhesives and those of the Araldite
2015. This may be attributed to the higher viscosity of the Araldite 2015 so that its
ability to penetrate the micro-roughened surface is poor especially in the case of the
111

F P L pretreated surface where the pores range in size from 5 u m d o w n to 30nm.

Therefore, instead of being able to utilise the pores to form mechanical keys these ar
remain essentially unbonded and it is the smoother areas of the substrate surface
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between the pores to which this more chemically active adhesive can form chemical
bonds, thus resulting in the achieved bond strength. Obviously in the case of the FES

and Acid where pore sizes are very large some degree of penetration will occur. It is,
thus, the smoother surfaces of the Solvent wiped and Alkaline pretreated samples that
yield strengths equally as high as joints with the FES and Acid pretreatments when
bonded using the Araldite 2015. The question may then be raised as to why the FES and
Acid pretreatments show cohesive failure yet still only produce joints with strengths
equal to those of the smoother Solvent Wiped and Alkaline pretreated substrates. This
is proposed to be a result of the intrinsically lower toughness of the Araldite 2015
adhesive in comparison to the other adhesives as supported by the fracture toughness
values of the various adhesives displayed in Figure 4.11. Although the 2015 cannot

fully penetrate the finer pores and cavities of the FES and Acid pretreatments there i

sufficient mechanical and chemical bonding to cause this more brittle adhesive to fail

a cohesive manner, with even the low strength FPL pretreated joint illustrating a degr
of cohesive failure.
This theory is further supported by the optical micrographs of the ultramicrotomed

stubs that can be found in Figures 5.7 and 5.8. The micrographs clearly illustrate the
difference in morphology produced by the two different pretreatments. The FPL is
characterised by many small pores or cavities where as the FES is characterised by
much larger pits with a finer underlying structure. It is thus reasoned that for both
FPL pretreated substrates and the rougher FES substrates the more viscous Epibond
adhesive would offer an improved degree of penetration over the K106 adhesive which
is only capable of penetrating into the larger pores.

132

a)

b)

Figure 5.7 - Optical micrographs of Ultramicrotomed cross-sections of FPL pretreated
aluminium substrates bonded using the K106 adhesive, (a) 200X M a g (b) 500X M a g
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Figure 5 8 - Optical micrographs of Ultramicrotomed cross-sections of FES pretreated
aluminium substrates bonded using the Epibond adhesive, (a) 200X M a g (b) 500X M a g
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This improved degree of penetration can be seen in the higher magnification
micrograph of an ultramicrotomed section of FES pretreated aluminium bonded using
the Epibond adhesive in Figure 5.8b which illustrates good penetration of the Epibond
adhesive even in the finer scale roughness produced by the FES pretreatment. It should
be noted though that this improved penetration still does not result in complete

penetration into to the very small pores which exist in the surface of the FPL pretreat

substrate. Hence the reason for only a slight increase in joint strength over the Solve
Wiped sample when using the Epibond.

5.2.3 Lap Shear Strength vs Pretreatment time
In Section 5.2.1 it was shown both qualitatively and quantitatively that the different
pretreatments produce surfaces of different degrees of roughness and thus produce

joints of differing strengths depending on the quantity of mechanical interlocking that
can occur between mating surfaces. It has also been argued in Section 5.2.2 that the
viscosity of the adhesive plays an important role in determining to what extent the
roughened surface which is created by the etching process, can be utilised for
mechanical interlocking. Using both these hypotheses it is possible to explain the
results of Figure 4.2, which illustrate the change in joint strength with pretreatment
for the various pretreatments.
From Figure 4.2 it can be seen that at short treatment times all of the pretreatments
show a decrease in strength from that obtained from a solvent wiped sample (-12

MPa). After this initial decrease, the strength of the samples then increases with etch

time until a maximum is reached. This trend is true for all of the pretreatments except
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the Alkaline pretreatment, which shows little change in strength over that measured

from the Solvent Wiped sample, for all treatment times. It is concluded that the results

for the Alkaline pretreatment are likely to be a result of the non-etching ability that

reported in the literature.5 The fact that the Alkaline pretreatment is non-etching mean
that it only has the capacity to remove soiling by emulsification at the high bath

temperatures usually associated with this form of treatment. Therefore, there should be

little difference in the surface roughness produced by 2.5 minutes Alkaline precleaning
and 15 minutes, as confirmed by the results of Figure 4.2.

The presence of the initial decrease for the other three etchant type pretreatments can
be explained once again by considering the viscosity of the adhesive used (K106) and
the size of the etch pits in question. For both FPL and FES pretreatments the surfaces

produced at etch times of 1 minute and 2.5 minutes are characterised by very small etch

pits.(Figures 4.17a and 4.18a) It is not until etch times of approximately 5 minutes an
greater that the size of these pits becomes large enough to allow the adhesive to

penetrate and thus participate in the mechanical interlocking process. Similarly, it is

not until an etch time of 30 seconds that the pits become large enough for interlocking
to occur for the more aggressive Acid pretreatment.
At the longer etch time of 15 minutes, trialed in the current work, there was a small
decrease in strength recorded for both the FPL and FES pretreatments. A similar
observation has been made by both Moth123 and Zhang and Spinks7. It is believed that
for the FPL process this is a result of the evenness of the etch breaking down and the
structure consisting of groups of pits separated by larger areas of relatively flat

surface.123 The drop in strength of the FES pretreated samples is believed to be a resul
of a similar occurrence, but in the case of the FES it is believed to be more a result
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the reduction in peak to valley height and in the number of peaks. This is best
visualised by the schematic diagrams in Figure 5.9.
SEM micrographs (Figure 5.10) further support this theory, as it can be seen that for

treatment time of 5 minutes (Fig 5.10a) there is a larger proportion of unetched mate

than etched, hence only a small degree of interlocking can occur. When a comparison is
made though, between the FES pretreated sample which was etched for 15 minutes (Fig
5.10b), and that etched for 10 minutes (Fig 5.5) it can be clearly observed that the

number islands of unetched material is significantly reduced. Thus the number of areas
where the adhesive can step from the etched valley or pit up to the unetched material
reduced, as shown schematically in Figure 5.9, hence slightly reducing the overall
strength of the joint.

Etch pits

•Alumimum

Figure 5.9 - Schematic diagram illustrating a cross sectional view of the F E S pretreated
substrate after 10 minutes (left) and 15 minutes (right)

The increase in strength of joints produced by the Acid pretreatment appears to be
levelling off after a period of 2.5 minutes etching. Once again this is believed to be a
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result of the reduction in peak to valley height, but due to the very aggressive nature of
the etchant and the high surface area increase the effect is somewhat reduced.

a)

b)

Figure 5.10 - S E M micrograph of F E S pretreated surface etched for (a) 5 minutes and
(b) 15 minutes.
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5.2.4 Lap Shear Strength vs Fracture Energy
The Width Tapered Cantilever Beam (WTCB) test geometry is a valuable means for
determining the fracture energy required to cause failure between various
adhesive/pretreatment combinations. The failure of such fracture mechanics samples is
assumed to be pure mode I, which is a cleavage or peel stress.
As has been discussed earlier, failure of a lap shear joint is due primarily to shear

forces, but there are also normal forces, which act as a result of the eccentricity th

exists in the joint, hence failure is in fact a combination of modes I and II. It woul
therefore be expected that there be some correlation between the fracture energy

obtained for the WTCB test, and the stress to failure value obtained from the lap shea
geometry for the various pretreatment/adhesive combinations. Figure 5.11 shows that
such samples tested in an ambient or dry environment exhibit this correlation.
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Figure 5.11 - Correlation between Fracture Energy and Lap Shear strength for various
prefreatmenl/adhesive combinations tested in a dry or ambient environment.
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This correlation has also been observed for bonds between epoxy adhesives and Zn/Al
coated steel substrates by Basu124 and also by Anderson.125
More recent investigations by Curley et al.141 and Abdel Wahab et al.142 have shown
that more accurate lifetime predictions can be made by taking into consideration the
Mode II effects. Due though, to the large amount of work required to incorporate the

relatively small effects of Mode II values into the current model it was decided that
was beyond the scope of the current research.
Another interesting observation was made during analysis of the WTCB tests. It
appears that those samples bonded using the K106 adhesive show a continuous crack
growth mechanism (Figure 5.12), where as those which were bonded using the Epibond

adhesive show a stick-slip (Figure 5.13) mode of fracture propagation. The stick-slip
mode of propagation in bulk thermosetting polymers is attributed to a crack blunting

process caused by local plastic deformation at the crack tip.126"128 The blunting of the

crack tip lessens the stress concentration effect and allows the load to increase abo

that value required for sharp crack growth. When a new sharp crack initiates at the t

the blunted crack accelerates due to the excessive stress being sustained by the mate

It is believed that the stick-slip behavior that occurs with the samples bonded using
Epibond may be a result of blunting associated with the rubber toughening particles

which are present in the Epibond adhesive. It has, though, been reported that this st
slip mode of failure may be present due to the effect that results when a crack

propagates interfacially over an undulating surface.7 This latter effect that has been
observed by Zhang and Spinks, occurred on FPL pretreated surfaces which were treated
for extended periods of time (20 mins - 50 mins). The reasoning for this mode of
failure occurring for undulating surfaces is as follows. The stress concentration is
highest when the applied stress occurs perpendicular to the crack. If the crack
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terminates in a region such as that illustrated by point B in Figure 5.14 then the str

concentrating effect will be reduced as the crack is shielded from the applied stress.

Hence a higher than expected load will be required to re-initiate the crack and the cr
will accelerate when the crack path turns towards the perpendicular direction.
Another explanation for this mode of failure has been given by Ashcroft et al.140 which

explains the observations in terms of the value of strain energy release rate required
cause failure. This explanation though, does not take into account the undulations in

surface of the material hence it is believed that the explanation put forward by Zhang
and Spinks is more practical in the current investigation.

•

«

tl
Extention

Figure 5.12 - Load versus time plot for a sample exhibiting a continuous crack growth
mechanism

fi
Extension

Figure 5.13- Load versus time plot for a sample exhibiting stick-slip behaviour
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Applied Stress

Figure 5.14 - Two-dimensional representation of an epoxy-aluminium interface for a
rough adherend surface. The stress concentration at the tip of the interfacial crack is a
function of the angle 0.7
5.3 Joint Durability

From the results in the previous chapter it can be clearly seen that the durability of
adhesive bonded aluminium joint is determined by a number of variables including
pretreatment type, pretreatment time and the type of adhesive used. The following
section will deal with each of these areas individually in an attempt to explain the

durability results of the previous chapter. An attempt will also be made to explain th

correlation, or lack there of, which exists between the lap shear results and the res
obtained from the fracture mechanics tests once exposed to the hostile marine
environment.
In an effort to explain the various durability phenomenon which are shown throughout

the results, it is necessary to consider the nature of the oxides that may form on the
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surface of bare aluminium and the way in which water may effect both the interface an
the adhesive.

Section 2.1 described the different oxides which form on the surface of aluminium. In
summary, it has been determined that the most prevalent of these oxides is bayerite
which forms naturally on unprotected alumimum. Bayerite is inherently brittle and
adheres weakly to the underlying aluminium. Boehmite on the other hand adheres well
to the underlying aluminium but is only formed at elevated temperatures, or by
anodising or etching, and reverts (hydrolyses) back to bayerite if unprotected from
moisture.
When an adhesive joint is exposed to a hostile environment such as one of high
humidity or immersion in an aqueous environment, it is possible that moisture may
enter the joint by one, or a combination of the following ways.
1. Diffusion through the adhesive.
2. Transportation along the interface.
3. Capillary action through cracks and crazes in the adhesive.

Once moisture has entered the joint it may cause weakening of the joint by one of the
following ways.

1. It may alter the properties of the adhesive in a reversible manner via processes s
as plasticisation and lowering of the Tg.
2. It may alter the properties of the adhesive in an irreversible manner by either
hydrolysing the adhesive or cause it to crack or craze.
3. It may induce swelling stresses in the joint.

4. It may attack the adhesive-adherend interface either by displacing the adhesive or
hydrating the metal or metal-oxide surface of the adherend.
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5.3.1 Durability vs Pretreatment type
From the durability results of Section 4.1.1 it is clear that under the influence of a

hostile environmental, different pretreated aluminium samples behave quite differently.
It is also evident that a joint that displayed a high lap shear strength in a dry
environment, can be significantly degraded by the action of a hot/wet environment.

Furthermore, it is very clear that the degree of joint degradation is highly controlled
the chemistry of the adhesive used.
In an effort to understand the differences which have been observed for durability of
the different pretreatment/adhesive combinations the data has been represented in the
form of a joint strength retention plot (Figure 5.15). Once again, the results for the
joints bonded using the Araldite 2015 adhesive follow trends which are significantly

different from those of the K106 and the Epibond adhesive, hence, these results will be
discussed seperately.

144

ALK

SW

FPL

K106

FES Acid

ALK

SW

FPL

FES Acid

Araldite 2015

ALK

SW

FPL

FES Acid

Epibond

Pretreatment/Adhesive

Figure 5.15 - Graph illustrates the strength retention (blue bars) and the degree of
interfacial failure (dots) observed macroscopically for the various pretreatments bonded
using the three different epoxy adhesives

The strength retention results for the five different pretreatments bonded using both
the K106 and the Epibond adhesives show very similar trends. Both the solvent wipe

and the FPL pretreatments give poor strength retention, while the alkaline pretreatment
provides moderate retention and the FES and Acid pretreatments show good retention.
It is proposed that the degree of durability that results from the pretreatment is
dependent on both the chemical nature of the oxide formed and its morphology. From
the vast amount of information provided throughout the literature on the

subject,8'17,30,120(to name but a few), it would be aptly justified to assume that the oxi
produced on the surface by the various immersion pretreatments is boehmite.
This may be true for the ALK, FES and Acid pretreatments but the very low strength

retention provided by the FPL pretreatment indicates otherwise. It is believed that due
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to the long time between treatment and bonding (24 - 36 hrs in most cases) the thin
boehmite layer, which was formed during FPL pretreatment, has had time to partially

hydrate to a pseudo-boehmite prior to bonding. Thus resulting in an interface that w
much more susceptible to environmental attack. Similar trends have been observed by
Nolan129 for aluminium that had been pretreated by Q\E (Chromic-Acid Etch) and then
exposed to an environment of 60°C and 100% R.H. for 1 hour. McMillan36 has also
reported similar problems, and recommended that the FPL pretreatment should be

deemed unsuitable for use as a pretreatment when surfaces are to be exposed to eithe
an aqueous sodium chloride environment or a seacoast atmosphere. The XPS results

for the FES and FPL pretreated surfaces prior to bonding can be found in Section 4.8

(Figure 4.23) support this theory by illustrating a significant decrease in the quan
aluminium observed for the 2p peak. Arnott and Kindermann139 have observed a similar

trend for both the 2p and 2s peaks when they carried out XPS analysis of the surface

grit blasted alumimum. This aside, it is believed that the same oxide is present on a
the three other immersion-pretreated surfaces, hence it can only be implied that the
main difference between the surfaces produced by the different pretreatments is the

morphology. It is thus reasoned that the morphology of the surface continues to play

dominant role in the behaviour of the joint both before and after the joint is expos

the aqueous sodium chloride. It is believed, however, that although surface roughness
has a large impact, the mechanism by which the joints fail when they are dry, is
significantly different from when they are wet.
To understand the systems that have been studied in this project we first need to

determine the method by which water enters the system and what occurs once it reache

the interface. It is proposed that in the case of the three epoxies studied in this p
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water entered by a diffusion process. The highly polar nature of adhesives, especially

those containing either polyamides as hardeners or rubber toughening agents aids in th
adsorption of water.9
Upon entering the adhesive by the diffusion process, water travels to the adhesivemetal oxide interface by what is best described by thermodynamic arguments. The work
of adhesion WA is the energy required to separate unit area of two phases forming an
interface. The value of WA for an epoxy-aluminium oxide interface is 232 mJ/m2 in an

inert or dry atmosphere, hence the system is stable. However, in the presence of a liq
such as water which is highly polar this value drops to -137 mJ/m2 thus the driving
force behind the movement of water to the oxide. This water in turn results in
disruption of the interfacial secondary bonds that formed initially between the epoxy
adhesive and the oxide.
The reduction in joint strength may not be attributed solely to disruption of the
secondary bonding by the ingressing moisture. Rather it is anticipated that a model
which has been proposed by Brockmann is also applicable to these
adhesive/pretreatment systems. Brockmann proposed that when an adhesive joint
formed between an epoxy and alumimum is infiltrated by moisture, unreacted monomer
and secondary cure reaction products are given the mobility to move around. These
products form highly alkaline extracts which in turn attack the aluminium at the
interface. This reaction therefore considerably weakens the boundary layer, which, is
often termed a "weak boundary layer", resulting in failure of the bond.
The difference in the durability behaviour between the "smooth" surfaces produced
by the Solvent Wiping process and the Alkaline immersion pretreatment can be

explained in terms of both the composition of the oxide present prior to bonding and t
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degree to which it is hydrolysed by the ingressing aqueous NaCl. The 5083 alloy has a
magnesium content of between 4 and 5%, which in turn would result in the surface of
the Solvent wiped sample being rich in magnesium oxide. Kinloch and Smart131 have
shown that a magnesium rich oxide layer is extremely detrimental to the joint
durability. This high magnesium oxide content, coupled together with a partially or

fully hydrated oxide is believed to be the governing factors behind the poor durabilit
shown by the "smooth" Solvent Wiped samples. The alkaline samples on the other
hand, have a more stable oxide present plus an increase of up to 10 fold in the Al.Mg
ratio of the newly formed oxide. These features coupled together produce the
significant more stable bonds developed by alkaline pretreated samples.
As the roughness of the surface increases, it is suggested that the peaks and valleys

inhibit the plane of failure within this "weak boundary layer". As a result, in the ca
the Acid pretreatments bonded using both adhesives, and the FES pretreated surface
bonded using the Epibond, (which allows better penetration-Section5.2.2) failure has

switched to almost entirely within the adhesive, (cohesive) which has been subsequentl

weakened by the effects of plasticisation. This mode of failure is further supported b
the XPS data (Figure 4.22) of the failed surfaces which indicates cohesive failure.

As was noted earlier, the strength retention data for samples bonded using the Araldit
2015 appear to show significantly different trends from those of the other two
adhesives. It is believed that this is directly related to the low amount of water

adsorption that occurs with this adhesive. The limited amount of water adsorption limi
the amount of water present at the interface, thus resulting in minimal disruption of

chemical bonds that are formed initially in the bonding process. This results in joint

that retain a significant degree of their initial strength after immersion in the warm
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sodium chloride solution. The correlation between water uptake and strength loss has
been investigated by Brewis et al.132 and is well illustrated by Figure 5.16.
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Figure 5.16 - Comparison of joint strength (experimental points) with calculated water
uptake (line) in joints bonded with an epoxy adhesive132

Further support for this argument is given by the very small differences that were
observed in the mode of failure between the various pretreatments in the wet and dry

state. The greatest difference observed, was a 30% increase in the amount of interfacia

failure that occurred for the easily hydrated FPL samples. It would be expected that if

significant amount of water had proceeded to the interface, then the mode of failure fo
the non-aggressive ("smooth") pretreatments would have reverted to 100% interfacial
as was the case with both the K106 and the Epibond adhesives.

5.3.2 Effect of Adhesive
In Section 5.2.2 it was suggested that the difference in the strength of the bonds
produced between the different pretreatments and the K106 and Epibond adhesives was

directly related to the viscosity of the adhesive and its ability to penetrate the pore

the oxide. It was also established that the strength of the joints achieved using the mu
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higher viscosity Araldite 2015 was due primarily to chemical interactions between the
adhesive and the oxide.

It is clear from the durability results that the degree to which water is adsorbed by t

different adhesives plays a major role in determining the extent of disruption that wi
result between the adhesive and the substrate when the joint is exposed to a moist

environment. It is thus suggested from the results, that the Araldite 2015 adhesive mus
absorb a significantly smaller quantity of water than the other two adhesives.

This argument is further quantified by Figure 5.17 and results of a technical report 133
provided by Ciba Specialty chemicals which determined that the Araldite 2015 adhesive
adsorbs only 30% of the water absorbed by the K106 adhesive. Figure 5.17 shows that

there is a significant difference in the decrease in fracture toughness between the th
adhesives. Obviously, it would be expected that the Epibond adhesive would have the

highest initial fracture toughness due to the large amount of toughening agents that a
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Figure 5.17 - Graph illustrates the decrease infracturetoughness that occurred after
immersing a bulk sample of the adhesive in the sodium chloride solution at 50 degrees
Celsius

150

present in this adhesive. However, the Araldite 2015 retains a significantly larger degre
of strength after immersion in the warm sodium chloride environment than the other

two adhesives. It is anticipated that this high strength retention is primarily attribute
the smaller amount of water that is adsorbed by this material.

5.3.3 Durability vs Pretreatment time
In an effort to explain the trends which are observed between durability and
increasing pretreatment time the results are represented in terms of strength decrease
versus pretreatment time for each pretreatment. These results are displayed in Figure
5.18 for the four immersion pretreatments.
For the FPL pretreated samples, the detrimental effect of the easily hydrated oxide

layer is further displayed with basically no difference in the degree of strength retaine
even at long immersion times, for which SEM micrographs and AFM roughness
analysis, has indicated a significant increase in the surface roughness.

The result for the alkaline pretreated substrates illustrate that there is little differe

in the effectiveness of the pretreatment between all times. The small differences that ar
observed are insignificant when the variability of the results are taken into

consideration. These results are indicative of the effectiveness of this mild non-etchant

type pretreatment, which results in little change to the morphology of the substrate, yet
produces an oxide with good stability in the presence of moisture and Na CI. Results for
the FES pretreatment illustrate a marked increase in the strength retention with
pretreatment time for short times, (1 - 2.5 minutes) tapering off to a rather constant
value of approximately 30% decrease in strength at longer times (10-15 minutes).
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To coincide with this increase in strength retention, it can be observed from the graph
that the degree of cohesive failure of the joints also increases to a maximum of 100%
after 10 minutes pretreatment. This increase in both strength retention and cohesive

failure is thought to be a result of the increase in surface roughness that occurs with
pretreatment as the immersion time is increased. This increase in roughness provides

asperities that inhibit the fracture path during failure thus increasing the failure st
and also the difficulty with which failure can occur.102
The Acid pretreatment shows similar results to the FES pretreatment although the rate
with which the retention improves is even more rapid than the FES with increasing
pretreatment time. This is thought to be a result of the even more aggressive etching
ability of this pretreatment, thus a more rapid increase in surface roughness. Once

again, the increase in joint strength retention is paralleled by an increase in the amou

of cohesive failure. Similarly the mechanism behind the increase in strength retention i
thought to be a result of asperities impeding the fracture path.
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153

5.3.4 Lap Shear Strength vs Fracture Energy (after immersion)

Earlier in section 5.2.4 it was observed that there existed a good correlation betwee
the fracture energy obtained from the WTCB test samples and the stress to failure

results obtained from the lap shear samples. It would, thus, be expected that a simil
correlation might exist for the samples tested after immersion in the warm sodium

chloride solution. This is not the case, however, as can be seen from the graph in Fi
4.6, and in fact, the results are quite different from those that would be expected.
From the graph in Figure 4.6 it can be observed that the samples bonded using the
K106 adhesive, and tested after immersion, returned fracture energies considerably
higher than those achieved when tested in the ambient state. Those samples though,
bonded using the Epibond adhesive gave significantly lower values as would be
expected. It is reasoned that this discrepancy between the results for the different
adhesives can be explained by considering a combination of two factors.

The first of these involves the inability of moisture to ingress into the adhesive jo
a WTCB sample bonded using the K106 adhesive. From the photograph of one half of
a failed WTCB sample in Figure 5.19 it can be clearly seen that the moisture has not
been able to penetrate more than about 5mm into the sample thus rendering
approximately 70% of the sample unaffected by moisture. This factor was not
anticipated and hence due to the large amount of work already completed using this
sample configuration for the fracture mechanics tests it was too late to make any
changes to sample configuration. Samples were though left for a period of seven days

the salt spray chamber, to acclimatize prior to testing in an attempt to ensure a goo

degree of moisture ingression. The second factor involves plasticisation of the adhes

that occurred due to the samples being at an elevated temperature at the time of test
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Testing of the samples began almost immediately after they were removed from the

solution, which was at 50 degrees Celsius, and tested in the following order: FPL/K1

FES/K106, FPL/Epi and FES/Epi. It is hence believed that those samples tested earlie

in the procedure did not have time to equilibrate and hence the adhesive was plasti

to some degree, yielding superficially higher fracture energies.134 These two factors
combined together resulted in the extremely high fracture energies which where
observed for samples bonded using the K106 adhesive.

Figure 5.19 - Photograph showing the lack of water penetration which occurred with
the W T C B samples bonded using the K 1 0 6 adhesive, and tested after immersion in the
50°C sodium chloride solution.

5.4 Fatigue Resistance
5.4.1 Lap Shear Fatigue vs WTCB Fatigue Test (Analytical Model)
The use of the linear-elastic fracture mechanics (LEFM) approach to study the fatigue
crack growth behaviour of alumimum substrates bonded using epoxy adhesives was
validated by the early work of Mostovoy and Ripling.93 With this relationship
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established, and a method of deducing the strain energy release rate acting in a crac
beam determined by Williams95 an analytical model was devised, in which it was

proposed that the number of cycles to failure of single lap shear samples at a partic
load could be accurately predicted from simple fracture mechanics data. (For more
detail refer to Section 2.4.). Kinloch and his Co-workers have used this approach

successfully numerous times to predict the fatigue life of carbon fibre composites an
aluminium substrates bonded using epoxy adhesives.92'96'97'100'111

It was thus proposed that this method be examined to determine if it could be used to
accurately predict the fatigue life of a number of the systems currently under
investigation. There are though a number of differences between the experimental
techniques used by Kinloch and his workers and the current investigation, which need
to be validated
The first of these is the frequency at which fatigue testing was carried out.

Frequencies as high as 50Hz and as low as 0.02 Hz have been used in the fatigue testi

of adhesive bonds. The danger with using high frequencies is the inability for variou

failure mechanisms to take place during the test period, as these mechanisms may take

some time to occur to their full extent and the test time at high frequencies is gene

short. There is also the possibility of introducing thermal fatigue. The problem with

frequencies is the long testing time required. In the studies conducted by Kinloch an
his co-workers the chosen frequency was 5 Hz, which is slow when compared with
50Hz as used by other investigators. Due to the ability of the equipment used in the

current investigation to test 8 samples simultaneously it was decided that a frequenc
0.3Hz be used. This speed approximately simulates the frequency at which a vessel
travelling at 40 knots impounds with waves and so correlates closely with what may
occur in a "real life" situation.
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Another difference is the means by which the various parameters such as Gc, Gth, D,
n, n! and n2 were obtained from the fracture mechanics data. In the studies conducted
Kinloch and co-workers the values have been determined using the tapered-double

cantilever beam joint (TDCB) arrangement both statically loaded an also fatigue loaded
to plot the crack growth per cycle as a function of the applied strain-energy release
In the current investigation the width-tapered cantilever beam arrangement, developed
by Liu and Gent135 (Figure 3.5) has been used. This method has been used successfully

in the past to determine fracture mechanics values for thin galvanised steel adherends
bonded using epoxy adhesives.124

Kinloch also used water immersion (distilled water at 28°C) rather than salt spray, fo

studies into the effect of a hostile environment. The choice of this environment in th
current study meant that rather than measuring the crack length using a travelling
microscope, measurements had to be carried out using a specially designed clip gauge
which has been detailed in Section 3.2.3.
From the graphs in Figure 4.10 it can be observed that the current techniques worked

well in providing sufficient data to obtain the required fracture mechanics results fo
four "dry" pretreatment/adhesive systems, as well as the "wet" pretreatment/adhesive
system. When the fracture mechanics values for a particular system are used, in
conjunction with the materials constants for the substrate and adhesive, a prediction
the lifetime to failure, based on the aforementioned analytical model, of lap shear

specimens for a particular system can be made for any given load. Such a prediction fo
FPL substrates bonded using the K106 adhesive and tested in a "dry" environment can
be seen in Figure 5.20 together with the experimentally determined data. The relevant
properties of the aluminium alloy and the adhesive together with the details of the

single overlap joint are given in Table 5.2. The values within this table were obtaine
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from both adhesive and substrate manufacturers with the exception of G & which was

determined during static testing of WTCB samples. The values of the constants use

describe the fatigue behavior of the joint were obtained by fitting Equation 5 to
results of Figure 5.21a. The values are given in Table 5.3
From Figure 5.20 it can be seen that the agreement between the experimental data

the analytical model prediction is good. The minor difference is that the analyti

model tends to yield stress failure values that are slightly (0.5 - 1.0 MPa) high

particular cycle period than the experimentally determined values. It is proposed

this discrepancy is a result of both the lap shear samples dimensions and the low

cycling. It has been reported in the literature that a reduction in the frequency

Table 5.2 - Properties of aluminium substrates, adhesive and single overlap joint
Property Symbol Value
Modulus of Adhesive

Ea

2.45Gpa

Modulus of the aluminium

Es

71Gpa

Poissons ratio of the aluminium

v

0.3

Fracture energy of adhesive

Gc

405J/m2

Thickness of adhesive

ta

0.1mm

Thickness of alumimum

h

3mm

Half of the bonded overlap length

c

5mm

Strain Energy release rate at threshold

Gtiu

5J/m2
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Table 5.3 - Fracture mechanics fatigue data
Property

Symbol

Value

Modified Paris L a w coefficient

D

2.81x10 TT

Modified Paris L a w exponent

n

3.147

Curve fitting constant at threshold

ni

16
0.01

Curve fitting constant for fast fracture n 2

leads to a direct reduction in the number of cycles to failure for a set load.94'101 The

reason for this phenomenon is thought to extend from the short overlap length use
this type of sample arrangement (generally 10 mm). It is believed that the short
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Figure 5.20 - Experimental and theoretical values for the number of cycles to failure at
different loads, for a F P L pretreated substrates bonded using Araldite K106 adhesive.
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enables the ends of the samples to creep quite markedly as a result of the sample
eccentricity that was discussed earlier, and in very short overlaps, this can extend
throughout the overlap. As the frequency of testing is reduced the amount of creep
which can occur increases. Hence it is proposed that it is this mechanism which is

occurring in the current samples due to their short overlap length of ten millimetres.

This excess bending, and thus creep, is not full accounted for in the model proposed b

Williams95 and hence there is an intrinsic degree of error in the final integration wh
is used for calculating the predicted number of cycles to failure. Thus the predicted

number of cycles to failure for a given value of stress is higher than actually occurs
practice with the given sample dimensions. The opposite effect has been observed by

Fernando et al.100 where by the dependence of strain energy release rate on crack lengt

was overestimated leading to a decrease in the lifetime to failure of the predicted va
from those which were experimentally observed.

5.4.2 Effect of Pretreatment

From the graphs in Figure 5.21 it can be observed that there is very little dependence

in the rate of crack growth on the type of pretreatment used when the samples are test
under a dry environment. Initially this is quite surprising when one considers the

differences that resulted between the FES and FPL pretreated substrates in the lap she
tests. The similarity in the fatigue tests is a result of the pretreatment times used
samples. For the fatigue tests the FPL pretreated substrates were pretreated for 15
minutes where as the FES substrates were only pretreated for 5 minutes.
Taking these different pretreatment times into consideration it can be seen that the

stress to failure values for both samples are very similar as would be predicted by th
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similar crack growth rates. The difference between pretreatments though, is slightly
more noticeable when the samples are bonded using the Epibond adhesive as opposed
to the K106, which is believed once again to be due to the increased degree of
penetration provided by the Epibond.

5.4.3 Effect of Adhesive
The graphs in Figure 4.10 illustrate that there is only a minor reduction in the crack
growth rate, for the rubber toughened adhesive (Epibond) as opposed to the nontoughened K106. The difference is slightly more noticeable with the FES pretreatment
as was the situation with the initial lap shear results. This is thought once again to
due to the rougher morphology produced by the FES pretreatment being able to utilise
the more viscous Epibond adhesive to provide a higher degree of mechanical

interlocking. Although the Epibond adhesive has significantly higher values of fracture
energy for samples tested at a constant displacement rate (Figure 4.6) this is not
reflected in the fatigue tests. A similar argument can be made for the K106 adhesive.

Taylor99 has reported similar findings in his work on structural epoxies and has pointed

out that the fracture energy determined from a constant displacement rate should not be

used as sole means of choosing a suitable adhesive for use under conditions of fatigue.
Rather the ratio of Gc for constant displacement, to the threshold value of G measured
from fatigue studies is a better measure of an adhesives suitability for bonding where

fatigue will be a dominant failure mechanism. It is believed that under fatigue loading
significantly less rubber particle cavitation occurs and, thus, the toughening
mechanisms are less effective.
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5.5 Environmental Fatigue resistance
5.5.1

L a p Shear Fatigue vs W T C B Fatigue Test (Analytical Model)

The predicted lifetimes and the experimental results for the lap shear samples expo
to the salt spray environment during fatigue testing are shown in Figure 5.22. The

properties of the alumimum and adhesive used for the calculations remain the same as
those used for the fatigue studies on the samples tested dry (Table 5.2), with the
exception of the values of Gc and G^. These values were taken from a plot of

logarithmic crack growth rate per cycle versus logarithmic Gc which in turn results

change of the calculated fracture mechanics constants. These values are given in Ta
5.4.
Table 5.4 - Fracture mechanics fatigue data
Property

Symbol

Value

Fracture energy of adhesive

Gc

355J/m2

Strain Energy release rate at threshold Gth

3.7J/m2

Modified Paris Law coefficient

D

5.889 x IO-9

Modified Paris Law exponent

n

1.42

Curve fitting constant at threshold

ni

16

Curve fitting constant for fast fracture n 2

0.4

The results indicate that there is a good degree of agreement between the

experimental and predicted results. As occurred with the samples tested in the ambi

environment (Figure 5.20), the analytical model tends to predict stress failure valu
that are slightly higher (0.5-2 MPa) than the results determined experimentally for
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particular cycle periods. It is believed that this discrepancy is again, a result of th
shear sample dimensions and the low rate of cycling used in testing.
It is also feasible that another mechanism, which is assisting in sample failure, may
be at work at slightly different rates within the WTCB samples and the lap shear

samples, thus assisting the discrepancy between the experimental and theoretical result

for the samples tested in the salt spray environment. It has been established that whe
lap shear sample fails, the main mechanism for failure, is the development of peel

stresses at the ends of the laps, which is further enhanced by bending of the substrate

due to the eccentricity of the sample. Thus a crack develops from these peel forces and

water travels to the crack tip ultimately resulting in failure. The ease with which wa

travels to the crack tip is also assisted by the arrangement of the lap shear sample w

the fatigue rig. The lap shear samples are loaded in a vertical orientation (Figure 3.
such that the edge of the lap is always directly exposed to the salt spray. The WTCB

sample on the other hand is orientated in a horizontal plane (Figure 3.8b) and hence t
water must move through a very narrow opening to reach the crack tip. It is therefore

anticipated that at low loads, when the peel forces in the lap shear sample are very lo

crack initiation may take some time, and thus the penetration of water into the adhesiv
by diffusion may be the only means of attack to the bondline. The WTCB samples on

the other hand have no "initiation" period as there is always a sharp crack tip due to

precracking that is carried out prior to testing the sample. There is though the reduct

in availability of water to the crack tip of the WTCB sample due to its orientation as
mentioned previously. Hence care needs to be taken to ensure that at low loads the

mechanism that is resulting in failure, is occurring in a similar way both in the fract
mechanics samples and the lap shear samples.
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Once a crack has been developed (which in the case of the W T C B occurs on the first

cycle) it is believed that the same model can be used to explain the failure of b

of samples. Once a crack has developed it is believed that failure occurs via a mo

that has been developed by Rider and Arnott136137 for the failure of double cantilev
beam specimens that have been exposed to an environment of 50°C and 100% R.H.
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Figure 5.22 - Graph illustrates the degree of correlation between experimental results
and prediction for fatigue of FPL samples bonded using the K 1 0 6 adhesive and tested
under a salt spray environment

They proposed that water enters the crack and proceeds to the tip where stresses are

forming micro-cavities. This water then travels ahead of the crack front and caus

debonding of the adhesive from the metal oxide resulting in the further formation
micro-cavities. This is diagramatically represented in Figure 5.23.
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Figure 5.23 - Schematic illustration of the micro-cavities formed when debonding of
13
adhesive from the substrate occurs due to migration of water ahead of the crack tip. 136
5.5.2

Effect of Pretreatments

As a result of time limitations, fracture mechanics data to enable the prediction of t

fatigue lifetimes using pretreatments other than FPL and adhesives other than Araldite
K106 could not proceed. There were though a number of fatigue tests carried out using
lap shear samples under the influence of a salt spray environment on Alkaline and FES

pretreated substrates. The results of these tests (Figure 4.9) show that in the salt s

environment at loads of 3.9 MPa and below, no Alkaline pretreated samples failed up to
100000 cycles, and for FES pretreated substrates no samples at loads of up to 5.3 MPa

had failed prior to 230 000 cycles. This shows that a significant difference to fatigu
can be made by the correct choice of pretreatment when it is considered that a FPL
pretreated substrate only lasted 1832 cycles when loaded at 3.86MPa. Although these
results no where near match the 8 - 10 million cycles which are required to give firm
fatigue life assessment, it is believed that they do indicate the importance of
pretreatment on the overall fatigue life of adhesively bonded alumimum samples. As
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was the case for the static lap shear tests, it is once again believed that the stabil
the oxide formed by the pretreatment, its chemical interaction with the adhesive, and

the morphology of the oxide all play a role in determining the extent of a pretreatmen
on improving fatigue life.
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6.0 CONCLUSION

The lack of information available in the literature in regards to the effects of a mar
environment on the fatigue durability of adhesively bonded aluminium is evident from

the literature review. It is believed that this lack of information has resulted direc

reluctance of builders to use adhesive bonding for any medium to high loaded joints in
the aluminium ship building industry.
This thesis has examined the effect of a variety of adhesive/pretreatment
combinations on the strength of bonds formed between alumimum adherends, and

tested after exposure to both ambient and marine (salt spray) environments. Bonds were

tested both under static stress and fatigue stresses that were delivered through a pur

built fatigue testing rig. The fatigue rig allowed samples to be tested at a low cycli

rate, whilst under the simultaneous effects of a salt spray solution, as it was believ

that this would represent a more "real life" approach than those carried out by previo
investigators.
A specialised strain gauge was designed, built and employed to obtain the relevant
fracture mechanics values from adhesively bonded Width Tapered Cantilever Beam
(fracture mechanics) samples, in an attempt to determine if the systems being
investigated could be modeled using an analytical model used previously in the
literature.
Pretreated samples and failed samples were also examined using a number of
techniques such as microscopy, XPS and ultramicrotomy to study the differences in
strength and durability observed between the various pretreatment, adhesive and
environmental combinations.
The investigation has shown that a significant improvement to the static strength and

fatigue strength of adhesively bonded aluminium joints, exposed to both an ambient and
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more hostile marine environment, can be made by correct selection of both the adhesive
and the pretreatment. The various techniques used to examine the adherend surfaces

prior to and after failure indicate that the improvement can be primarily attributed t
roughening of the surface that is generated by the pretreatment. It appears also that
the viscosity, water adsorption and the rubber toughening of the adhesive play a
contributing factor in overall joint strength and durability.
Results from the analytical modeling were positive, showing good correlation with the
experimental results both with samples tested in an ambient environment and those

exposed to the hostile salt spray environment. The discrepancies that exist, are believ
to be a result of a number of contributing factors including:- sample dimensions, low

rate of cycling and variations in the ability of water to ingress into the joint, betw
shear samples and the fracture mechanics samples.
It is anticipated that with many of the fundamental problems such as joint

reproducibility, fatigue testing apparatus, pretreatment reproducibility and the abilit
obtain fracture mechanics data in both an ambient and hostile salt spray environment

resolved, there is a large scope for future work. This work could be focused on buildi

a larger database of pretreatment/adhesive combinations especially for samples fatigue
tested under salt spray conditions. Other research could be directed towards

understanding and improving the consistency by which water travels to the crack tip (i
particular in the fracture mechanics samples) and by assessing more
pretreatment/adhesive combinations using the analytical model.
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Appendix A
Information Regarding Reagents used in
Etchant Solutions

Acetone (2-Propanone)
CH3COCH3
M . W . = 58.08
Density = 0.79g/ml (Approx)
Assay 9 9 % Minimum
M a x Limit of Impurities
Acidity
0.04%
Methanol
0.08%
0.005%
Non vol.
Aldehyde
0.05%
Water
0.5%
Ferrous Sulphate
FeS0 4 . 7 H 2 0
M . W . = 278.01
Assay 9 8 % Minimum
M a x Limit of Impurities
Ferric
0.5%
Lead
0.005%
Zinc
0.05%
Manganese
0.1%
Chloride
0.03%
Sodium Dichromate
Na 2 Cr 2 0 7 . 2 H 2 0
M . W . = 298.00
U N No. 3087
Assay 99.0%
M a x Limit of Impurities
Chloride
0.05%
Sulphate
0.5%
Sodium Carbonate (anhydrous)
Na2C03
M . W . = 105.99
Min. Assay (acidimetric) after drying 99.5%
M a x Limit of Impurities
Moisture
1.5%
Chloride
0.01%
Lead
0.003%
Silicate
0.02%
Sulphate
0.02%
Iron
0.05%

Hydrochloric Acid
HC1
M.W. 36.46
Min. Assay 31.5%
Density 1.16g/ml
Sulphuric Acid
H 2 S0 4
M.W. 98.08
Assay 95 - 98% w/w
Density 1.84g/ml

Appendix B
Labview™ Software for Fatigue Testing
Apparatus
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Appendix C
Design Drawings for Construction of
Fatigue Testing Apparatus

Photograph of Fatigue Testing Apparatus
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Schematic of spray nozzle positions in relation to samples

FT
luJ

f if r<

r
LO

ca
W Q

ec 1-

1a.
UJ

uOl
Jki
UJ:

sc
s
-£
-**i

~i

P

uJ

k/1

i
^
Cr-l

OO

,1

s

kC

,-

-5

*>
LP
Cr-.

C j

-

—JT—
—

•

—

|

.

r—

C-u-J

J
s
i
«C_J»

I

i-

T

—

v/A^SS/sAi

\yy//yyyy/s/J^

fjjoze

X

CO

5
ujO

G

G

o

It

I

o
u_

Oi

o
o

#

viJ

G

•G

0=

o-

i

c

O

</^

-^

£
-t
V

S
Jj

1?

T.

uJ

-J

ji=j

fc
-J

uutT

oo
L.O

c-

.1

r ll

^*- "-J^

£2

ut

*>>

i
J3

ors

032.

2

j
o
a"

U>
LO

6

r

«?

—!— |

•J

!
i

1
|
1

'. i

0~

CJ

l«

£
t

"I
c>3

on

oJ

j_5

O

jt.

i-M

$

c3

e
.J-3

-z.
<s.
T
u_J
ukl

r.'-,

~

u9
•?
ukj.
u5

-=-3

r-

t
< 1

•»£

7~

"

c5

l-/o
G —
—O

-<c

(-_>

u^D '
<:—1

Appendix D
Labview™ Software for Calibration of
Loads used in Fatigue Testing Apparatus
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Appendix E
Design Drawings and Assembly Details
for Clip Gauge used in Fatigue Crack
growth studies

Strain Gauge in Tension No.l(Ti)

Strain Gauge in Compression No. l(Ci)

Strain Gauge in Compression No.2(C2)

Strain uauge in Tension No.2 (T2)
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